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Chapter 1 
 
Introduction 
 
1.1 Heart Failure 
Epidemiology 
Cardiovascular diseases are the most common cause of death in the US. Although heart failure (HF) 
accounts for only 9% of deaths caused by cardiovascular diseases, yet the prevalence of heart failure is 
rising fast. The number of HF patients increased from 5.7 million (2009-2012) to about 6.5 million (2011-
2014) and is projected to be 8 million by 2030. This increased prevalence could be attributed to many 
reasons including evidence-based therapies, advanced management of underlying risk factors and diseases, 
which leads to an improved survival rate. However, the life quality of patients is greatly compromised by 
the associated symptoms, and the 5-year case fatality rate of HF is still as high as 42.3%, nearly 2 out of 5 
patients. The management of heart failure has also become a huge burden on society. The estimated total 
cost was about $30.7 billion in 2012 and may reach about $69.7 billion by 2030.1 
 
Definition 
Heart failure, defined by Dr. Eugene Braunwald, is “a clinical syndrome caused by the inability of 
the heart to supply blood to the tissues commensurate to the metabolic needs of that tissue”.2 The patients 
may present with symptoms and signs such as fatigue, dyspnea, exercise intolerance, and jugular vein 
congestion. The diagnosis of heart failure is mainly based on history and physical examination, and there 
is no typical diagnostic test so far. Transthoracic echocardiography (TTE) is the primary non-invasive 
imaging test to examine cardiac anatomy and evaluate cardiac function. In this examination, a commonly 
used parameter to assess the cardiac function is ejection fraction (EF), a measurement of the percentage of 
blood ejected each contraction. Based on the value of left ventricle EF (LVEF), the HF patients can be 
generally classified as HF with reduced EF (HFrEF) by LVEF ≤ 50% and HF with preserved EF (HFpEF) 
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by LVEF > 50%. Considering the different pathogenesis of HFpEF and the limitation of the text, in this 
paper, we will mainly focus on the HFrEF which represents about half of HF cases and it is also the disease 
model we studied. 
 
Etiology 
As is defined, any disease or risk factor damaging the cardiac structure or function will eventually 
cause heart failure and systemic disorders. A majority of diseases can lead to heart failure, including 
ischemic cardiomyopathy, dilated cardiomyopathy, primary valvular heart diseases, hypertension, 
myocarditis, etc. The risk factors for heart failure include smoking, sedentary lifestyle, metabolic syndrome 
diabetes, and obesity.  
 
Current management of heart failure 
Based on the etiology and pathology of heart failure, the management mainly focuses on two 
aspects: 1) manage the risk factors and underlying diseases 2) control the symptoms and maintain the heart 
function.3 The most widely used management approach is pharmacological therapies, including 1) 
medications targeting the renin-angiotensin-aldosterone system (RAAS) such as angiotensin-converting 
enzyme inhibitors (ACEI), angiotensin II receptor blockers, aldosterone antagonists, 2) medications 
targeting sympathetic nervous system such as β-blockers, 3) diuretics, 4) hydralazine and nitrate, 5) digoxin, 
etc. Most of these medications function by targeting RAAS or β receptors to decrease pathologic 
sympathetic activation, fluid retention, and pathologic remodeling. Other approaches to manage HF such 
as device therapy, are more limited to certain indications rather than widely used methods. Unlike the 
management of various cancers that novel targeted therapies come out rapidly, very few new drugs or 
therapies for HF have arisen over the last decades. Therefore, to improve clinical outcomes and avoid 
hemodynamic liabilities, new therapies to target intrinsic cardiac mechanisms are urgently needed. 
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1.2 Pathological, Cellular and Molecular Events in Cardiac Remodeling 
The heart is the power source of the entire circulatory system. It has a remarkable capability to 
accommodate both the physiological and pathological stimuli and maintain the flow to circulate the whole 
body.4 “Remodeling” is a commonly used term to describe this compensated change of the heart. According 
to a consensus in the cardiac field, cardiac remodeling is defined as “genome expression, molecular, cellular 
and interstitial changes that are manifested clinically as changes in size, shape, and function of the heart 
after cardiac injury.”5 As mentioned above, HF emphasizes more as a clinical symptom, whereas, cardiac 
remodeling depicts the change of heart precedes heart failure.6 
Hypertrophy is the main adaptation process in the cardiomyocyte during remodeling. Based on the 
types and outcomes of the stimuli, it can be classified as physiological and pathological hypertrophy. 
Physiological hypertrophy usually occurs in exercise and pregnancy. In physiological hypertrophy, CMs 
enlarge in both width and length without LV mass change. However, pathological hypertrophy occurs after 
some cardiovascular diseases (ischemic cardiomyopathy, valvular disease, genetic cardiomyopathy, etc.) 
or with persistent excessive workload. In pathological hypertrophy, CMs grow either longer in series or 
wider in parallel, which exhibits at the organ level with increased LV mass and concentric or eccentric 
hypertrophy (Figure 1.1).7 This remodeling change can help to maintain the stroke volume and reduce wall 
stress based on LaPlace law at first, but eventually it makes HF worse.   
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Figure 1.1 Physiological and pathological cardiac hypertrophy. The heart would undergo hypertrophy for 
adaptation. There are two types of hypertrophy, physiological and pathological hypertrophy. In physiological 
hypertrophy, CMs enlarge in both width and length without LV mass change. In pathological hypertrophy, CMs 
grow either longer in series or wider in parallel, which exhibits at the organ level with increased LV mass and 
concentric or eccentric hypertrophy respectively. Adapted from Nakamura M et al, 2018.7 
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Accompanied with pathological hypertrophy, other cellular processes also occur in remodeling, 
including fibrosis, enhanced cell death, metabolic dysfunction, inflammation, electrophysiological 
interruption, etc.5,8 These processes are mediated not only by CMs, but also cardiac fibroblasts, endothelial 
cells, and possibly some circulating cells. Intriguingly, many recent studies indicated that CM dysfunction 
is not the sole driver of heart failure. Mutation or dysfunction in these non-CM cell types, for example, the 
cardiac fibroblast activation can also drive the disease progression.9 This notion also brings the attention to 
the function of non-cardiomyocytes and their interaction with the cardiomyocytes. At the molecular level, 
multiple signaling pathways, as well as related gene expression changes conduct these cellular processes. 
The understanding of the molecular mechanism not only elucidate the pathology but also provide potential 
targets for treatment. However, what we know about the molecular mechanism of HF is still the tip of the 
iceberg.  
 
1.3 Kinases and Cardiac Kinome 
Protein kinases are enzymes catalyzing the translocation of a phosphate group from a nucleoside 
triphosphate to the substrate. They serve as important components in the signal transduction by 
phosphorylating their substrates. Based on the specificity of the substrate amino acids, kinases can be 
divided into 3 groups: serine/threonine kinase, tyrosine kinase or dual-specificity kinases which can 
phosphorylate both serine/threonine or tyrosine residue.10 The mapping of the protein kinase complement 
of the human genome, “kinome”, was accomplished in 2002.11 Among 22,300 human protein-coding genes, 
only 518 of them encode kinases. In 2004, the full kinome of the mouse genome was determined by the 
same group. They predicted 540 protein kinases in the mouse with 510 human orthologs.12  
Beyond biological functions, kinases are also tractable drug targets with a special conserved kinase 
pocket in the structure. A classic example is the first kinase inhibitor Imatinib (Gleevec) approved in 2001, 
which is used for the treatment of chronic myeloid leukemia.  Imatinib exerts its biological effects by 
specifically inhibiting the BCR/ABL tyrosine kinase (the Philadelphia Chromosome). In fact, the kinases 
are the second-largest drug target group after G-protein-coupled receptors. 
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Cardiac kinases possess the basic kinase function and also play essential roles in cardiac remodeling 
by directly regulating cardiac hypertrophy, contractility, and cardiomyocyte death.13,14 The cardiac kinome 
was described in 2015 by the Fuller and Clerk group. They not only catalogued 402 transcripts of cardiac 
kinases but also identified the kinase expression profile in normal versus failing human hearts.15 Previous 
studies about cardiac kinases are limited to few kinase families, such as Rho kinase, PKC, GSK3β, PI3K, 
MAPKs, CaMKIIδ,16 GRK2,17 etc. Unfortunately, none of these kinase inhibitors have been approved for 
HF treatment so far. This is limited by both the specificity and efficacy of the inhibitors and a thorough 
understanding of their functions. On the other hand, the majority of those aberrant kinases and highly 
expressed cardiac kinases have never been studied. Therefore, it is essential to understand the role of those 
less studied cardiac kinases involved in HF to better understand the pathogenesis as well as for therapeutic 
purposes. 
 
1.4 HIPKs and HIPK2 
Homeodomain-interacting protein kinase family was discovered by Young Ho Kim et al in 1998 
and named for containing a characteristic homeoprotein interacting domain and a conserved kinase 
domain.18 HIPK1-3, sharing a highly homologous kinase domain, were discovered first, and HIPK4, with 
about 50% similarities in the kinase domain but smaller in structure (616 amino acids), was cloned later in 
2007.19 
 
Gene and Protein Structure 
Human HIPK2 is located on chromosome 7q34, encoding 1198 amino acids, while the mouse 
HIPK2 is on chromosome 6. HIPK2 is conserved among species. The structure of HIPK2 from N-terminal 
to C-terminal includes kinase domain, homeoprotein interacting domain, and the autoinhibitory domain. It 
also contains multiple functional and modification sites such as the speckle-retention signal (SRS), a 
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sumoylation site (K25) and a ubiquitination site (K1182) as well as several caspase cleavage sites (Figure 
1.2).20  
 
Tissue Expression and Cellular Localization 
HIPK2 expresses in multiple tissues including brain, kidney, heart, muscle, adipose tissue, etc. In 
the cells, HIPK2 mainly localizes in the nuclear speckle regulated by the SRS region.18,21 In a certain context, 
it can also relocate to the cytoplasm.22 The kinase function of HIPK2 is also important for the HIPK2 
nuclear localization, yet the underlying mechanism is still unknown.23 
 
Regulation of HIPK2 
HIPK2 is constantly degraded and maintains at a low level in proliferating cells.23 In normal 
conditions, HIPK2 is constantly ubiquitinated by several ubiquitin E3 ligases including Siah1, WSB-1 and 
Fbx3.23–25 In response to lethal DNA damage, HIPK2 is released from E3 ligase and stabilized. HIPK2 then 
phosphorylates p53 at Ser46, which initiates the programmed cell death.26,27 In sublethal DNA damage, 
however, HIPK2 does not phosphorylate p53 at Ser46 and is degraded by MDM2, which directs cells into 
cell cycle arrest for recovery. Besides severe DNA damage, the level of HIPK2 is also upregulated in 
response to many stress and pathological conditions such as ultraviolet (UV), ionizing radiation, genotoxic 
chemo-therapy, zinc in hypoxia environment, and extracts from some traditional Chinese medicine (saponin 
and Verbascoside). In the contrast, it is inhibited by cytoplasmic localization, hypoxia, gene mutation, LOH, 
and HPV23 E6.28 As a protein, HIPK2 can also be dynamically regulated by multiple post-translational 
Figure 1.2 Schematic representation of murine HIPK2. From N-terminal to C-terminal, it contains the kinase 
domain, homeoproteins interacting domain (HID), speckle-retention signal (SRS) and the autoinhibitory domain 
(AID). Sites regulated by phosphorylation, ubiquitination and caspase cleavage are also shown. Modified from 
Puca et al, 2010.20 
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modifications, including ubiquitination, phosphorylation, acetylation, and sumoylation. Since the change 
of HIPK2 level is highly related to its function, it is critical to understand the stimuli and upstream regulators 
of HIPK2 in different tissues. 
 
1.5 Biological Functions of HIPK2  
The role of HIPK2 in development 
As how HIPKs family was named, the primary function of HIPK2 is interacting with homeodomain 
proteins, which is encoded by the homeobox sequence of 180bp discovered in Drosophila melanogaster. 
The homeodomain is a highly conserved DNA-binding domain and is extremely important during 
development.29 This also implicates a crucial role of HIPK2 in development. Indeed, loss of both HIPK1 
and HIPK2 is embryonic lethal in the mouse. The double knockout (KO) mice died between 9.5-12.5 days 
postcoitus due to neural tube defects.30 Some other defects were also observed in the double KO mice 
including hematopoiesis, vasculogenesis, angiogenesis, and lens formation.31–33 Of note, deletion of only 
HIPK1 or HIPK2 in mice does not affect the survival but is still sufficient to cause dysfunction. These 
findings indicate not only the importance of HIPKs in the development but also the partial overlapping role 
of HIPK1 and HIPK2. This redundancy may be a reassurance for the essential stage in development. 
 
The role of HIPK2 in the nervous system 
HIPK2 is highly expressed in the central and peripheral nervous system. It plays an essential role 
in not only neural development but also critical to maintaining the neuron function and survival. 
Remarkably, HIPK2 KO mice exhibited severe psychomotor behavioral abnormalities characterized by 
dystonia, retardation and impaired coordination.34,35 This phenotype is mainly caused by HIPK2-mediated 
cell survival in different types of neurons. J.Zhang et al showed that the dysfunction was mainly due to 
increased apoptosis of midbrain dopamine neurons mediated by the TGFβ-SMAD-HIPK2 signaling 
pathway.35 This TGFβ-HIPK2 mediated survival of dopamine neurons was also observed in the 
gastrointestinal nervous system. Loss of enteric dopaminergic neurons in HIPK2 KO mice results in 
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gastrointestinal motility dysfunction, which eventually leads to about 40% death rate before weaning.36 In 
addition, Anzilotti et al found activation of apoptosis in HIPK2 deficient Purkinje cells by impaired protein 
degradation also attributes to the cerebellar dysfunction and ataxia-like phenotype in KO mice.34 
Intriguingly, HIPK2 can also affect some types of neurons by enhancing apoptosis. Wiggins et al 
showed that deletion of HIPK2 decreased apoptosis in sensory neurons by interacting Brn3a and regulating 
Brn3a-mediated gene expression.37 Enhanced apoptosis by HIPK2 overexpression was also observed in 
sensory and sympathetic neurons with neutrophin.38 However, the mechanistic basis of this differential 
regulation of cell death in different types of neurons by HIPK2 is still unknown. 
The role of HIPK2 is also recognized in neurodegenerative diseases and neural injury models. In 
amyotrophic lateral sclerosis, HIPK2 is required for ER-stress induced cell death via the ASK1/HIPK2/JNK 
pathway. Loss of HIPK2 attenuates the SOD1 mutation mediated ALS phenotype.39 In Alzheimer disease 
patients, the misfolded p53 protein in fibroblasts is found to be associated with HIPK2 inhibition.40 
 
The Role of HIPK2 in Other Tissues 
HIPK2 KO mice also exhibited defects in other organ systems. Increased apoptosis and decreased 
proliferation of erythroid progenitor cells were reported in terminal erythroid proliferation and 
differentiation.41 HIPK2 KO mice also have lower body weight and white fat tissue, which result from the 
suppression of the white fat differentiation due to HIPK2 deficiency. However, loss of HIPK2 increased 
insulin sensitivity and resistance to the high-fat diet-induced weight gain.42 
 
The Role of HIPK2 in Tumorigenesis 
HIPK2 is recognized as an important tumor suppressor due to its role in apoptosis. As mentioned 
above, HIPK2 determines cell fate in response to DNA damage by phosphorylating p53. Besides direct 
phosphorylation, HIPK2 interacts with p53 in multiple ways to control cell apoptosis. HIPK2 is recruited 
by promyelocytic leukemia protein (PML) IV isoform with p53 and CBP to PML nuclear bodies, where is 
known for p53 modification occurs.43 HIPK2 also regulates several cofactors of p53 Ser46 phosphorylation, 
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including Axin, Daxx, PML. Furthermore, to prevent p53 degradation and induce cell apoptosis, HIPK2 
can phosphorylate MDM2 which degrades p53 in unstressed cells.44 On the other hand, p53 can also 
promote HIPK2 activity through cleavage of HIPK2 auto-inhibitory domain by caspase 6, a known p53 
regulated genes.45 The truncated HIPK2 has an increased activity to induce cell apoptosis. HIPK2 can also 
regulate apoptosis through a p53-independent pathway. In hepatoma cells, HIPK2 regulates TGFβ-induced 
apoptosis through JNK signaling pathway.46 HIPK2 can also phosphorylate CtBP47 and ΔNp63α48 to 
promote degradation of these HIPK2 targets in apoptosis.       
Decreased level of HIPK2 is found in several cancer types, such as bladder cancer and esophageal 
squamous cell carcinoma.49–51 In a skin tumor model induced by two-stage carcinogenesis protocol, HIPK2 
KO and heterozygous mice are more susceptible to tumor formation. This indicates not only the tumor 
suppressor function of HIPK2 in the skin but also the haploinsufficiency of this function.24,52 Beyond 
directly regulating tumorigenesis, HIPK2 is also a key mediator in hypoxia-induced chemoresistance. 
HIPK2 expression is suppressed in response to hypoxia, which relieved its suppression on HIF1α and 
eventually can promote angiogenesis and tumor progression. Hypoxia can also increase resistance to 
chemotherapy by upregulating MDM2 expression to decrease apoptosis facilitated by HIPK2 mediated p53 
phosphorylation. In addition, Zinc can reverse the dysfunctional HIPK2 as well as p53 inhibition in the 
hypoxic tumor cells.53,54 These studies reveal the important role of HIPK2 in tumorigenesis and emphasizes 
its potential in cancer treatment.   
Surprisingly, HIPK2 can also function as an oncogene in certain conditions. The elevation of 
HIPK2 at both mRNA and protein levels was observed in cervical cancer.55 In familial adenomatous 
polyposis, HIPK2 mRNA level was found higher than normal, which may promote tumorigenesis by 
suppressing PGE2 generation.56 Furthermore, multiple-platform genomic analyses also showed increased 
mRNA as well as protein levels of HIPK2 in pilocytic astrocytoma.57 
 Overall, HIPK2 is an essential regulator of cell death in both proliferating cells and non-
proliferating cells. However, most of the cancer studies were performed in tumor cell lines rather than tumor 
in situ studies which compromised the cause-and-consequence effect of HIPK2 mediated regulation of cell 
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death.58 More in vivo studies are needed to validate the associated mechanism and the translational 
application of targeting HIPK2. In addition, the underlying mechanism of the contradictory role of HIPK2 
on cell death is still unclear. This could be related to the temporal or spatial role of HIPK2 in different 
diseases context, stimulation or derivation of the cells. Thus, on one hand, it is essential to elucidate the 
relationship of the HIPK2 level on the biological effect to exclude the potential false-positive findings. On 
the other hand, it would be crucial to elucidate the mechanism of HIPK2 regulation and function in cell 
death in different cell types. Even so, HIPK2 is still a promising hit for targeted therapy, and the recent 
discovery of the crustal structure of HIPK259 will largely accelerate the development of HIPK2-targeted 
therapies.  
 
HIPK2 in other proliferative diseases 
The role of HIPK2 is also recognized in other diseases related to cell proliferation. Jin et al used a 
systemic computational bioinformatics approach to identify the role of HIPK2 as a potential regulator in 
kidney fibrosis.60 They reported that HIPK2 KO animals demonstrated a significantly decreased fibrosis in 
multiple renal fibrosis models. Analysis of human idiopathic pulmonary fibrosis samples revealed that 
HIPK2 dysfunction may play a role in pulmonary fibroblasts behavior and pathogenesis.61 BT173, a small 
inhibitor of HIPK2 was identified as a potential hit for the antifibrotic therapy.62 
 
1.6 Objectives 
Using a novel bioinformatics approach to identify kinase targets in heart failure, we predicted HIPK2 as a 
potential regulator of cardiac remodeling. The main goal of this project is to examine the role of HIPK2 in 
cardiac biology.   
 
Aim 1 Determine the role of cardiomyocyte HIPK2 in cardiac biology. 
Since this is the first study to determine the role of HIPK2 in cardiac biology, I first examined the 
heart function in the global KO mouse model. However, this model was compromised by the multiple 
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defects caused by global gene ablation (Chapter III). Therefore, I generated cardiomyocyte-specific 
HIPK2 KO mice (driven by αMHC-Cre, CM-KO), heterozygous null mice (CM-Het) (Chapter IV) and 
tamoxifen-induced conditional CM-specific KO mice (driven by αMHC-MerCreMer, cKO) (Chapter V) 
to elucidate the role of HIPK2 in the heart. Besides these mouse models, I also used adenoviruses carried 
expressing wildtype (WT) HIPK2 or shRNA-HIPK2 as the gain-of-function or loss-of-function approaches 
in the in vitro model of neonatal rat ventricular cardiomyocytes (NRVMs) (Chapter IV). To examine the 
clinical relevance of HIPK2 in heart failure, we also examined the HIPK2 expression level in human and 
mouse failing hearts (Chapter II). 
 
Aim 2 Determine the underlying mechanism of how HIPK2 regulates cardiac function. 
In Aim 1, using three different genetic mouse models, we established that the deletion of 
cardiomyocyte HIPK2 leads to cardiac dysfunction. In this aim, our goal is to delineate how the deletion of 
HIPK2 leads to heart failure. To identify the dysregulated pathways in HIPK2 deficient hearts, I examined 
the major pathways and cellular processes involved in cardiac remodeling.  Moreover, I used in vitro models 
and AAV9 rescue experiments to further validate my mechanistic findings from the in vivo models. 
Eventually, I found that cardiac dysfunction in HIPK2 deficient hearts is mainly due to dysregulated ERK 
signaling mediated cardiomyocyte apoptosis (Chapter IV). 
 
Aim 3 Identify the role of HIPK2 in cardiac fibroblasts and fibrosis. 
 Recent studies have demonstrated that fibroblast (FB)-specific genetic manipulation can lead to 
robust cardiac phenotype.9 HIPK2 is also known as a pro-fibrotic factor in kidney fibrosis. Thus, the main 
goal of this aim is to specifically identify the role of HIPK2 in cardiac fibroblasts and fibrosis. I examined 
the change of the TGFβ1-SMAD3 pathway in cardiac fibroblasts, which is the key signaling pathway in 
fibroblasts and fibrosis. We also generated cardiac fibroblast-specific HIPK2 KO mice and examined the 
cardiac function after myocardial infarction (MI) (Chapter VI).  
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Chapter 2 
 
Identification of HIPK2 
 
Part of this work was accepted to publish in Circulation.63 
 
2.1 Introduction 
Protein kinases are essential regulators of cardiac function and also highly tractable and 
precedented drug targets. Thus, it is important to expand our understanding of the cardiac kinome as a 
means of exploring potential therapeutic opportunities for heart failure treatment. To identify novel cardiac 
kinases potentially involved in heart failure development, we used an integrated transcriptome and 
bioinformatics approach (Expression2Kinases)64 by using control and failing mouse hearts. Unlike 
conventional transcriptome screenings, this approach links upstream kinases with the global pattern of 
observed gene expression via transcription factors to predict potential key regulators of disease progression 
and potential therapeutic targets.60 By using this approach, we identified an unexplored cardiac kinase in 
the context of cardiac function and dysfunction—HIPK2. 
 
2.2 Methods and Materials 
Human heart samples 
The human specimens used in this study were obtained from the Vanderbilt Main Heart 
Biorepository (VMHB). The study protocol was approved by the Vanderbilt University Medical Center, 
Institutional Review Board, and written informed consent was obtained from the heart tissue donors. Left 
ventricle (LV) from 9 subjects with ischemic heart failure was identified from the VMHB, and 5 of 
unmatched donor hearts were also obtained from the VMHB. 
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Microarray gene expression assay 
Adult C57BJ6 male mice were subjected to transaortic constriction (TAC) or sham surgery. RNA samples 
from the 6-week post-TAC or sham mice were subjected to Affymetrix microarray analysis (sham: n=5, 
TAC: n=4; GEO accession: GSE136308). The differentially expressed genes were identified in TAC versus 
sham hearts using one-way ANOVA. Adjusted p-value was corrected using Benjamini–Hochberg false 
discovery rate with a threshold of 0.01. 
 
RNA isolation and Real Time-PCR 
RNA was isolated from cells or tissue using the RNeasy Mini Kit (Qiagen #74104) following the 
manufacturer’s instructions. The RNA concentration was measured and equal amounts of RNA were used 
to synthesize cDNA using the iScript cDNA Synthesis Kit (BioRad #1708891) according to the 
manufacturer’s instructions. Quantitative Real Time-PCR (qRT-PCR) was performed using TaqMan Gene 
Expression Master Mix (Applied Biosystems #4369016) as well as the TaqMan Gene Expression Assay 
primers (Thermo Fisher Scientific) according to the manufacturer’s instructions. Eukaryotic 18srRNA is 
used as the control gene in all experiments. Fold change is calculated using Delta delta Ct methods. Primers 
used are listed as follows: HIPK2 (mouse) (Assay ID: Mm00439329_m1), HIPK2 (human) (Assay ID: 
Hs00179759_m1), Nppa (mouse) (Assay ID: Mm01255747_g1), Nppa (rat) (Assay ID: Rn00664637_g1), 
Nppb (mouse) (Assay ID: Mm01255770_g1), eukaryotic 18S rRNA (4319413E). The fold change is 
calculated using ΔΔCt method.  
 
Statistics 
Differences between data groups were evaluated for significance with the use of the nonparametric 
Mann-Whitney test or Student t test for comparison between 2 groups, and ANOVA or mixed-effects 
analysis with Turkey post hoc test for comparison among >2 groups (GraphPad Prism Software Inc). Data 
are presented as mean±SEM unless noted otherwise. For all tests, a P value of <0.05 was considered to 
denote statistical significance. 
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2.3 Results 
Identification and Characterization of HIPK2 in Failing Hearts 
Considering the essential role of cardiac kinases in disease progression and their general tractability 
as drug targets, we used a novel bioinformatics approach (Expression2Kinase)64 to identify kinase 
regulators involved in heart failure progression (Figure 2.1A). C57BL/6 male mice were subjected to 
transaortic constriction (TAC) to induce heart failure or sham surgery. At 6 weeks after TAC, RNA samples 
from the left ventricle were subjected to microarray analysis. We first identified the differentially expressed 
genes (fold change≥1.5, adjusted P<0.01) in TAC versus sham hearts. Second, we postulated transcription 
factors (TFs) of those differentially expressed genes using 3 algorithms: Ingenuity Pathway Analysis (IPA, 
Qiagen), Position Weight Matrix (PWM), and ChIP Enrichment Analysis (ChEA).64 With the IPA approach, 
a total of 40 associated transcription factors were identified. These TFs were responsible for 27 upregulated 
genes, and 13 downregulated genes (Figure 2.1B). We also predicted responsible TFs for the observed gene 
expression changes by using 2 additional approaches: (1) ChEA, based on chromatin-protein binding, and 
(2) TransFac and Jasper analysis, based on specific promotor binding (PWM) (Figure 2.1C). Thus, these 3 
approaches to predict the responsible TFs generated 3 distinct lists of TFs for further analysis. Third, we 
linked these TFs with potential upstream kinase regulators by constructing a protein-protein interaction 
network.65 We then performed a Kinase Enrichment Analysis66 on those proteins interacting with predicted 
TFs and identified the top 25 extrapolated kinase regulators of each TF prediction approach (Figure 2.1A). 
Even though predicted by distinct approaches, 52% kinase targets (in red) were common in 3 kinase lists, 
and 70% (in blue) were common in 2 lists. Furthermore, these 3 lists were highly dominated by commonly 
described kinases known for their indispensable role in cardiac biology (eg, AKT, GSK3, and MAPKs). 
The identification of these positive-control kinases was also a validation of this analytical approach. Among 
those candidates, we identified a potential modulator of heart failure, HIPK2, a kinase whose role in cardiac 
biology has never been studied before.   
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Figure 2.1 Identification of HIPK2 as a potential regulator of heart failure. A. Adult C57BJ6 male mice were 
subjected to transaortic constriction (TAC) or sham surgery. RNA samples from the 6-week post-TAC or sham 
mice were subjected to microarray analysis. Transcriptomic analysis was performed to identify differentially 
expressed genes between TAC versus the sham group. Hierarchical clustering by these differentially expressed 
genes was performed with results as depicted in the heat map (green denotes downregulated genes; red denotes 
upregulated genes). Transcription factors (TFs) were predicted based on these gene expression changes by using 
3 approaches based on Ingenuity Pathway Analysis (IPA), Position Weight Matrix (PWM), and ChIP Enrichment 
Analysis (ChEA) algorithms, and then upstream kinases of those TFs were identified using Kinase Enrichment 
Analysis. Top kinase targets are represented in 3 columns for respective TF prediction methods used. Red indicates 
kinases identified by all 3 approaches; Blue, kinases identified by 2 approaches; Black, kinase identified by one 
approach. B. TFs of differentially expressed genes identified by IPA. 27 transcription factors of upregulated genes 
and 13 transcription factors of downregulated genes are listed. C. Top 20 transcription factors of differentially 
expressed genes identified by PWM, and ChEA algorithms, respectively. 
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HIPK2 Expression in Heart Failure Models 
To determine the role of HIPK2 in failing human hearts, we examined the expression of HIPK2 in 
heart tissue from patients with end-stage ischemic cardiomyopathy. The expression of HIPK2 was 
dramatically decreased in the failing hearts in comparison with normal human hearts (Figure 2.2A). 
Consistently, ischemic mouse failing hearts after MI were also associated with significantly decreased 
HIPK2 expression (Figure 2.2B). Overall, these data indicate that HIPK2 may be involved in cardiac 
pathogenesis.  
 
2.4 Discussion 
Alarming statistics of human experience with heart failure and the resultant economic impact 
necessitate the investigation of new efficient molecular targets to improve preventive and therapeutic 
strategies. Cardiac kinases are essential molecules in the cardiac pathogenesis, and the tractable targets for 
treatment, as well. In the current study, we used the Expression2Kinase approach to screen kinase targets 
in a heart failure model and identified a previously unexplored cardiac kinase HIPK2.  
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Figure 2.2 Expression of HIPK2 in failing hearts. A. Quantification of HIPK2 mRNA expression in human 
normal hearts versus failing hearts. Normal hearts: n=5, failing hearts: n=9. B. C57BL6 male mice were subjected 
to left anterior coronary artery ligation or sham surgery. The heart was harvested 4 weeks after the surgery. RNA 
was isolated from the left ventricle for qRT-PCR. Quantification of HIPK2 mRNA expression in MI-induced 
failing hearts versus sham hearts. Sham: n=4, failing hearts: n=4. *P<0.05, Mann-Whitney test. All bar graphs are 
represented by mean±SEM. 
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Expression2Kinase approach was developed by Ma’ayan’s group in 2012 and applied in multiple 
disease models.60,67 The conventional microarray data analysis mainly focuses on the gene expression 
changes for the predictions of pathways and cellular processes based on known connections in the literature. 
The Expression2Kinase deeply digs the screening data by connecting the change of transcripts with the 
regulation of transcription factors. And the last step in this pipeline using Kinase Enrichment Analysis is 
more than exploring the protein interaction, but “functional kinase” phosphorylating targets.66 This 
algorithm is more likely to identify key regulators leading to the global gene expression pattern changes in 
the disease context. Overall, this Expression2Kinase is a reliable approach to analyze the transcriptome data 
to predict novel targets at multiple levels. 
Besides the identification of new targets, we also found that HIPK2 expression was consistently 
downregulated in human and mouse ischemic failing hearts. The change of HIPK2 expression in failing 
hearts indicates that HIPK2 may be involved in the disease progression. Since HIPK2 expression is 
suppressed by hypoxia, this could partially explain the decreased expression. However, what triggers this 
decrease and how this decrease affects heart function needs further investigation.  
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Chapter 3 
 
Characterization of HIPK2 Global Knockout Mice 
 
Part of this work was accepted to publish in Circulation.  
 
3.1 Introduction 
HIPK2 is a conserved serine-threonine kinase and regulates transcription of multiple genes and 
various cellular processes. We identified in Chapter II that HIPK2 may be involved in heart failure 
progression. However, the role of HIPK2 in cardiac biology has never been studied. The essential role of 
HIPK2 in development has been identified in several systems. HIPK2 is also known for its function as a 
tumor suppressor and pro-fibrotic molecule in kidney fibrosis models. Based on these findings in the 
literature, we hypothesized that deletion of HIPK2 may be protective to the heart function.  
 
3.2 Methods 
HIPK2 global KO mice  
The HIPK2 global KO mice were a generous gift from Dr. Eric Huang, University of California, 
San Francisco.37 The global KO mice were maintained in 129 and B6 mixed background. The WT 
littermates were used as controls in the study of HIPK2 global KO mice. The Institutional Animal Care and 
Use Committee of Vanderbilt University Medical Center approved all animal procedures and treatments. 
All animals were housed in a temperature-controlled room with a 12:12h light-dark cycle and received 
humane care. 
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Echocardiography 
Transthoracic 2-dimensional echocardiography was performed with a 12-MHz probe 
(VisualSonics 2100) on mice anesthetized by isoflurane inhalation (1%-1.5%) in the HIPK2 global KO 
study. For the rest of the study, echocardiography was performed without anesthesia. M-mode interrogation 
was performed in the parasternal short-axis view at the level of the greatest LV end-diastolic dimension 
(EDD). EDD, LV end-systolic dimension (ESD), and LV posterior wall thickness (LVPW) were measured 
and used to calculate the percentage of fractional shortening (FS) and ejection fraction (EF). FS and EF 
values were exported from the echo program Vevo Lab 2.2.0. 
 
Histological Analysis 
LV tissue was fixed with 10% formaldehyde for 24 hours, dehydrated through increasing 
concentrations of ethanol, and then embedded in paraffin. LV sections (5µm) were stained with Masson 
trichrome (Sigma-Aldrich #HT-15) per manufacturer instructions. A Nikon AZ100 and NIS Elements 
software were used to record and analyze images. 
 
Fibrosis quantification 
Images were acquired using a Nikon AZ100 at 10X magnification of the whole LV ventricles. The 
fibrosis area was selected manually by color threshold method as described earlier. 
 
Body composition measurement 
Body composition was measured using Nuclear Magnetic Resonance analyzer (Minispec Model 
mq7.5, Bruker Instruments) following the manufacturer’s instructions. 
 
Neonatal rat ventricular cardiomyocyte isolation 
Primary cultures of neonatal rat ventricular cardiomyocytes (NRVMs) were prepared from 1-3 day-
old Sprague-Dawley rats as previously described.68 Cells were plated on the Primaria cell culture dishes 
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(BD) and cultured in Ham's F-10 medium with 5% horse serum, 5% Fetal Bovine Serum, and 1% antibiotics. 
Following desired treatments, the cells were lysed for immunoblotting as described above. 
 
Primary myocyte isolation and Calcium handling measurement 
Adult cardiomyocytes were isolated from mice in Knollmann’s Lab using the method as previously 
described.69 Myocytes were loaded with Fura-2 acetoxymethyl ester, Fura-2 AM (Molecular Probes Inc., 
Eugene, OR). Briefly, myocytes were incubated with 2 μM Fura 2 AM for 8 min at room temperature to 
load the indicator in the cytosol. Myocytes were washed twice for 10 min with Tyrode's solution containing 
250 μM probenecid to retain the indicator in the cytosol. A minimum of 30 min were allowed for de-
esterification before imaging the cells. Fura 2-AM loaded myocyte Ca transients recorded during 0.5 Hz 
field stimulation in 2 mM Ca Tyrode's solution for 20 s at room temperature. Then stimulation was switched 
off followed by the application of caffeine 10 mM for 5 s to estimate SR Ca content. A subset of cells were 
exposed to 0Ca0Na Tyrode's solution for 10 s then caffeine 10 mM applied for 30 s to estimate non-NCX 
Ca extrusion. For each cell and each experimental condition, tau (τ), amplitude and baseline values were 
averaged from 3 consecutive Ca transients. Ca transients were recorded and analyzed using commercially 
available data analysis software (IonOptix, IonWizardTM Milton, MA). All experiments were conducted 
at room temperature.69,70 
 
3.3 Results 
Global KO of HIPK2 Leads to Decreased Cardiac Function  
To evaluate the cardiac function of HIPK2, we first examined HIPK2 global KO mice37 by TTE. 
At 2 months of age, heart function of wildtype (WT) and KO was comparable (Figure 3.1A-F). However, 
HIPK2 KO mice developed cardiac dysfunction at ≈5 months of age, reflected by significantly decreased 
Ejection Fraction (EF) and Fractional Shortening (FS) (Figure 3.2A-B). There was no significant change in 
left ventricle dimension and posterior wall thickness (Figure 3.2C-F). We also examined the contractility 
and calcium handling in single isolated adult CMs at the same age. It is surprising that there was no 
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significant change in the KO versus WT at basal as well as the isoproterenol-stimulated condition (Figure 
3.3, 3.4). The intact contractility and calcium handling in HIPK2 deficient cardiomyocytes suggest a 
minimal to no role of these processes in observed detrimental phenotype in KO hearts. The heart weight of 
KOs, and the heart weight normalized by the tibia length, as well, was significantly decreased in comparison 
to WT (Figure 3.5A-B). It is important to note that the body weight of KOs was significantly less than that 
of the littermate controls (Figure 3.5C-D). Further examination of the body mass composition using the 
nuclear magnetic resonance analyzer revealed that the decreased body weight was mainly attributable to a 
lower percentage of fat mass in KOs (Figure 3.5E), which is consistent with previous findings.42 
 
23 
 
 
A B 
C D 
WT KO
0
1
2
3
4
WT KO
0
1
2
3
4
Figure 3.1 Echocardiographic assessment of HIPK2 global KO mice at 2 months of age. 2-month-old KO and 
WT mice were examined by transthoracic echocardiogram. A. Ejection fraction (EF). B. Fractional shortening 
(FS). C. Left ventricle internal dimension at end-diastole (LVID; d). D. Left ventricle internal dimension at end-
systole (LVID; s). E. Left ventricle posterior wall thickness at end-diastole (LVPW; d). F. Left ventricle posterior 
wall thickness at end-systole (LVPW; s). n=5-7 per group. ** p<0.01, Mann-Whitney test.  
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Figure 3.2 Echocardiographic assessment of HIPK2 global KO mice at 5 months of age. 5-month-old KO and 
WT mice were examined by transthoracic echocardiogram. A. Ejection fraction (EF). B. Fractional shortening 
(FS). C. Left ventricle internal dimension at end-diastole (LVID; d). D. Left ventricle internal dimension at end-
systole (LVID; s). E. Left ventricle posterior wall thickness at end-diastole (LVPW; d). F. Left ventricle posterior 
wall thickness at end-systole (LVPW; s). n=4-7 per group. * p<0.05, Mann-Whitney test. 
25 
 
 
  
Di
as
to
lic
 s
ar
co
m
er
e 
le
ng
th
WT KO
0.0
0.2
0.4
0.6
0.8
Sa
rc
om
er
e 
re
la
xa
tio
n 
(
)
%
 S
ar
co
m
er
e 
sh
or
te
ni
ng
A B C 
WT KO
1.2
1.4
1.6
1.8
2.0
Am
pl
itu
de
 o
f C
a 
tra
ns
ie
nt
C
a 
de
ca
y 
ra
te
 (
)
SR
 C
a 
co
nt
en
ts
WT KO
0
1
2
3
4
5
Ca
ff 
de
ca
y 
ra
te
Fr
ac
tio
na
l S
R
 C
a 
re
le
as
e
D E F 
G I H 
Figure 3.3 Measurement of contractility and calcium handling in isolated adult CMs from HIPK2 KO and 
WT mice at basal condition. Adult CMs were isolated from 5-month-old KO and WT mouse hearts. CMs were 
stained with 2µM Fura 2-AM and paced at 1 Hz for 20 seconds for contractility and Calcium (Ca) handling 
measurement. Caffeine (Caff, 10mM, 5s) was applied after pacing transient to estimate sarcoplasmic reticulum 
(SR) Ca content. CMs were examined in 2 mM Ca Tyrode’s solution. A. Sarcomere peak shortening normalized 
to resting sarcomere length (% Sarcomere shortening). B. Sarcomere relaxation (τ). C. Diastolic sarcomere length. 
D. Diastolic Ca (Fratio). E. Amplitude of Ca transient. F. Calcium decay rate (τ). G. SR Ca contents. H. Caff decay 
rate. I. Fractional SR Ca release. WT: n=43 from 3 mice, KO: n=35 from 3 mice. Student t-test.  
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Figure 3.4 Measurement of contractility and calcium handling in isolated adult CMs from HIPK2 KO and 
WT mice at isoproterenol-stimulated condition. Adult CMs were isolated from 5-month-old KO and WT mouse 
hearts. CMs were stained with 2µM Fura 2-AM and paced at 1 Hz for 20 seconds for contractility and Calcium 
(Ca) handling measurement. Caffeine (Caff, 10mM, 5s) was applied after pacing transient to estimate sarcoplasmic 
reticulum (SR) Ca content. A-I: CMs were examined with Isoproterenol (ISO, 1 µM) stimulation in 2 mM Ca 
Tyrode’s solution. A. Sarcomere peak shortening normalized to resting sarcomere length (% Sarcomere 
shortening). B. Sarcomere relaxation (τ). C. Diastolic sarcomere length. D. Diastolic Ca (Fratio). E. Amplitude of 
Ca transient. F. Calcium decay rate (τ). G. SR Ca contents. H. Caff decay rate. I. Fractional SR Ca release. WT: 
n=29 from 3 mice, KO: n=20 from 3 mice. Student t-test.  
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Figure 3.5 Morphologic characterization of HIPK2 global KO mice. A. Heart weight. B. Heart weight 
normalized by tibia length (HW/TL). C. Representative image of the HIPK2 global KO mouse and the littermate 
WT mouse. D. Body weight (BW). E. Body composition: muscle weight and fat weight was measured by NMR 
machine. The percentage of muscle weight and fat weight was then calculated by dividing the muscle or fat weight 
by body weight. * p<0.05, Mann-Whitney test. 
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Right Ventricle Function in the HIPK2 Global KO Mice 
The loss-of-haploinsufficiency of HIPK2 was identified in the human idiopathic pulmonary 
fibrosis.61 Pulmonary dysfunction can lead to right heart dysfunction which can eventually drive the whole 
heart dysfunction. Therefore, we investigated if pulmonary hypertension could be a cause of heart failure 
in the HIPK2 global KO mice. We examined the right heart function using TTE and compared right 
ventricle (RV) stroke volume and cardiac output. There was no significant difference between the WT and 
KO in RV stroke volume and cardiac output (Figure 3.6A-B). To directly measure the pressure of right 
ventricle, we did hemodynamic analysis which showed that the RV systolic pressure (Figure 3.6C) was 
comparable between the WT and KO. RV hypertrophy was assessed by Fulton index, weight ratio of RV/ 
(LV+ septum), showing no significant change of KO RV (Figure 3.6D). Taken together, these data indicated 
that deletion of HIPK2 does not significantly affect RV function and right-sided heart failure is not a driver 
of cardiac dysfunction in the HIPK2 global KO mouse. 
ns
C
ar
di
ac
 O
ut
pu
t (
m
l/m
in
)
ns
St
ro
ke
 V
ol
um
e 
(m
l/m
in
)
nsA B 
C D 
Figure 3.6 Characterization of right heart function in HIPK2 global KO mice. 5-month-old HIPK2 global 
KO and WT mice were examined by transthoracic echocardiographic and hemodynamic examination. A. RV stoke 
volume. B. RV cardiac output. C. RV systolic pressure (RVSP). The heart was harvest and the weight of RV, LV 
and septum was measured to calculate Fulton index, the weight ratio of RV/(LV+septum). D. Fulton index. n=5 
per group. Mann-Whitney test.  
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3.4 Discussion 
Our data suggest that HIPK2 global KO mice spontaneously developed cardiac dysfunction at 5 
months of age, which indicates that HIPK2 may be essential in maintaining normal cardiac function. 
Specifically, the cardiac dysfunction developed gradually in adulthood although the deletion was from the 
embryonic stage. These findings suggest that the role or the expression of HIPK2 vary with the age: 
developmental vs adulthood. Evaluation of the level of HIPK2 expression at different stages will be 
reasonable to elucidate this. 
The underlying mechanism of observed cardiac dysfunction in HIPK2 KO animals is completely 
unknown. At this end, we examined the contractility and calcium handling in isolated adult cardiomyocytes. 
However, none of these processes were significantly changed, which in turn suggests that they do not drive 
the cardiac dysfunction. Furthermore, analysis of RV function revealed a comparable RV function of 
HIPK2 KOs and littermate WT controls. Therefore, more studies are needed to elucidate the underlying 
mechanism of cardiac dysfunction in HIPK2 KO. 
As described above, we established a cardiac dysfunction phenotype in global HIPK2 KO animals. 
However, this finding is compromised by the difference in body weight between the WT and KO mouse. 
HIPK2 global KO mice are known to have a defective fat development phenotype that accounts for a 
significantly reduced body weight of KOs in comparison to littermate controls. Of note, body weight is a 
prominent confounding factor of cardiac function. Furthermore, global gene deletion can lead to 
compensatory effects that may further complicate the interpretation of phenotypes. Indeed, the HIPK2 
global KO mouse displays several defects in various systems.32,35,36,41,42 All these factors limit the use of 
this global KO mouse model to further study the role of HIPK2 in the heart. Thus, a cardiomyocyte-specific 
KO mice model is critical to study the role of HIPK2 in the heart.  
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Chapter 4 
 
Characterization of the Role of HIPK2 in Cardiomyocytes 
 
Part of this work was accepted to publish in Circulation.63 
 
4.1 Introduction 
As discussed in the previous chapter, HIPK2 global KO mice developed cardiac dysfunction spontaneously 
at 5 months of age. However, this model is compromised by various defects due to the global deletion of 
the gene. To better elucidate the role of HIPK2 in cardiac biology, we generated cardiomyocyte-specific 
HIPK2 KO mice.  
 
4.2 Methods 
Cardiomyocyte-specific deletion of HIPK2 KO and Het mice 
C57BL/6NTac-Hipk2tm2a(EUCOMM)Hmgu/Cnrm mice (EM:05113) were purchased from the European 
Mouse Mutant Archive (EMMA). B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ (stock# 009086)71 and 
B6.FVB-Tg(Myh6-cre)2182Mds/J mice (stock# 011038)72 were purchased from the Jackson Laboratory. 
Generation of the cardiomyocyte-specific HIPK2 KO mice is described in the results. The Institutional 
Animal Care and Use Committee of Vanderbilt University Medical Center approved all animal procedures 
and treatments (protocol # M1700133-00). All animals were housed in a temperature-controlled room with 
a 12:12 hour light-dark cycle and received humane care. 
 
Adenovirus infection 
The Ad-LacZ virus was a generous gift from Dr. David E. Dostal, Texas A&M University. The 
Ad-HIPK2 virus was purchased from Vector Biolabs (#1484). Ad-scrambled-shRNA and Ad-shRNA-
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HIPK2 were purchased from SignaGen Laboratories. For each adenovirus employed, the viral multiplicity 
of infection (MOI) was determined by dilution assay in HEK293 cells using the protocol from the 
Untergasser Lab (“Titration of Adenoviral Vectors” 
http://www.untergasser.de/lab/protocols/adeno_vectors_titration_v1_0.htm). For adenoviral infection of 
NRVMs, levels of expressed proteins were determined by Western blot or qRT-PCR analysis. NRVMs 
were treated with viruses at 0, 5, 10, 25, and 50 MOI to maximize protein expression while limiting viral 
toxicity. Corresponding MOIs of adenoviruses expressing LacZ or scrambled-shRNA were used as viral 
controls. At 24 hrs after plating, NRVMs were starved overnight with serum-free medium following 
adenoviral infection for another 24 hrs. The medium was then replaced with virus-free SFM.  
 
Adeno-Associated Virus Serotype 9 Virus Construction and Administration 
pMCL-HA-MAPKK1-R4F [delta(31-51)/S218E/S222D](MEK1-CA) plasmid was a gift from Natalie Ahn 
(Addgene plasmid No. 40810; http://n2t.net/addgene:40810 ; RRID:Addgene_40810). MEK1-CA plasmid 
was cloned into a premade adeno-associated virus serotype 9 (AAV9) generating plasmid with troponin 
(TnT) promoter (VectorBuilder #VB180411-1135acz) to make the TnT-MEK1-CA plasmid (troponin T-
driven constitutively active mitogen-activated protein kinase kinase 1). The TnT-MEK1-CA plasmid was 
then packaged into AAV9 virus (Vigene Biosciences, Inc). AAV9 virus was delivered by tail vein injection 
or jugular vein injection.73 In brief, mice were anesthetized by xylazine/ketamine. A 1-cm cut was made 
above the right clavicle, and then the jugular vein was exposed. The virus was diluted by 0.9% saline to 
250 μL and slowly delivered into the jugular vein. 
 
4.3 Results 
Generation and Characterization of CM-Specific HIPK2 KO Mice 
To generate CM-specific HIPK2 KO mice, we obtained the C57BL/6NTac-
Hipk2tm2a(EUCOMM)Hmgu/Cnrm mouse (HIPK2tm2a) from the European Mouse Mutant Archive (EMMA)74 and 
crossed it with B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ71 (FLP) mice to generate mice with the HIPK2 
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flox allele. Thereafter, HIPK2 flox mice were mated with mice expressing αMHC promoter-driven Cre to 
achieve the CM-specific HIPK2 KO mice (HIPK2flox/floxCre+/ , CM-KO), heterozygous mice (HIPK2flox/ Cre+/ , 
CM-Het), and littermate controls (HIPK2flox/flox, Control) (Figure 4.1). αMHC-Cre expression led to ≈87% 
reduction of HIPK2 expression in CM-KO hearts (Figure 4.2A). As expected, heterozygous hearts 
demonstrated ≈50% reduction of HIPK2 in comparison with control hearts (Figure 4.2B). It is important to 
note that the body weights of CM-KO and Control mice were comparable (Figure 4.2C). 
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Figure 4.1 Generation of cardiomyocyte-specific HIPK2 KO mice. A. Scheme of CM-specific HIPK2 KO and 
Het mice generation. HIPK2tm2a mice from the European Mouse Mutant Archive (EMMA) were crossed with FLP 
mice to obtain mice with HIPK2 flox allele. Then, HIPK2flox/flox mice were crossed with αMHC-Cre mice to achieve 
CM-specific HIPK2 KO (HIPK2flox/flox Cre/ , CM-KO) or CM-specific HIPK2 Het (HIPK2flox/ Cre/ , CM-Het) or 
littermate controls (HIPK2flox/flox, Control). CM, cardiomyocyte. B. PCR genotyping results show the HIPK2 flox 
and Cre expression. NT: non-transgenic, NTC: no template control.  
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The Genotype of αMHC-Cre HIPK2 does not Follow the Mendelian Frequency.  
Interestingly, we found that the mice acquired by crossing HIPK2flox/flox and HIPK2flox/ Cre/ did not 
follow the Mendelian frequency. There was an extremely low ratio of HIPK2flox/ and HIPK2flox/flox Cre/ 
genotype. To examine if this unusual ratio is due to the embryonic death. We harvested embryos at E8, 
E9.5, and E12.5. However, there was no HIPK2flox/flox Cre/ found in the examined embryos. As listed in the 
table below, the ratio for each genotype is consistent as observed in adult mice. The demise found was not 
HIPK2flox/flox Cre/. 
Genotype flox/flox flox/ Cre/ flox/ flox/flox Cre/ Total 
mice # 23 2 22 0 47 
% 49% 4% 47% 0% 100% 
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Figure 4.2 Gene deletion efficiency of HIPK2 in CM-KO and CM-Het mice. A. Quantification of HIPK2 
mRNA expression in the Control and CM-KO mouse left ventricle. n=7-9 per group. B. Quantification of HIPK2 
mRNA expression in the Control and CM-Het mouse left ventricle. n=8-9 per group. C. Body weight of CM-KO 
and Control mice. Control: n=7, CM-KO: n=9. *** P<0.005, **** P<0.0001, Mann-Whitney test. 
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Genotype 
Age 
flox/flox flox/ Cre/ flox/ flox/flox Cre/ Total number of 
embryos 
E8 2 5 1 0 8 
E9.5 7 4 0 0 11 
E12.5 2 2 0 0 4 
Sum 11 11 1 0 23 
% 48% 48% 4% 0% 100% 
 
CM-Specific Deletion of HIPK2 Leads to Cardiac Dysfunction  
To determine the cardiac phenotype of CM-KO mice, CM-KO and Control mice were examined 
by echocardiography. At 2 months of age, CM-KOs and Controls had comparable heart function (Figure 
4.3A-B), suggesting the absence of any developmental cardiac defects. It is intriguing that, at 3 months of 
age, the EF and FS of CM-KO mice were significantly decreased in comparison with their littermate 
controls (Figure 4.3A-B). Consistent with deteriorating cardiac function, the internal dimension of KO 
hearts had a trend of dilation, yet not significantly different from the control at this age (Figure 4.3C-F). 
The mRNA expression of heart failure markers NPPA and NPPB was significantly elevated, as was the 
MYH7 and the MYH6/MYH7 ratio, which all indicate LV failure (Figure 4.3G). There was no significant 
change in heart weight normalized by tibia length (Figure 4.4A) and CMs cross-sectional area (Figure 4.4B-
C) in CM-KO mice in comparison with Controls. To further assess the change in cell growth, we isolated 
adult CMs from CM-KOs and Controls at 3 months of age and measured cell volume by using Imaris.70 
The cell volume and the length/width ratio were consistently comparable between CM-KO and Control 
mice (Figure 4.4D-F). Taken together, these findings exclude the development of hypertrophic remodeling 
in CM-KO mice at both the organ and cellular levels. Because HIPK2 is known for its function in regulating 
fibrosis and fibroblasts,24 we evaluated the mRNA expression of profibrotic genes COL1A1 and COL1A2. 
Surprisingly, the gene expression was comparable between the CM-KO and Control (Figure 4.4G). We also 
did not observe significant fibrosis deposition in Masson trichrome-stained CM-KO heart sections (Figure 
4.4B). This suggests that CM HIPK2 is not a key regulator of myocardial fibrosis, and thus, this excludes 
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the driving role of fibrosis in the pathogenesis of heart failure in CM-KO hearts. Because calcium handling 
is key to the LV function, we further examined the contractility and calcium handling in the isolated adult 
CMs. It is surprising that all parameters of contractility and calcium handling were comparable between 
CM-KOs and Controls at both basal (Figure 4.5) and isoproterenol-stimulated conditions (Figure 4.6). This 
indicates that loss of HIPK2 does not affect single-cell contractility and calcium handling, eliminating these 
factors as contributors to the cardiac dysfunction in CM-KOs.  
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Figure 4.3 Measurement of cardiac function and heart failure markers in CM-KO mice at 3 months of age. 
A-F: Heart function of CM-KO and littermate controls was measured by transthoracic echocardiogram at 2 months 
and 3 months of age. A. Ejection fraction. B. Fractional shortening. C. Left ventricle internal dimension at end-
diastole (LVID; d). D. Left ventricle internal dimension at end-systole (LVID; s). E. Left ventricle posterior wall 
thickness at end-diastole (LVPW; d). F. Left ventricle posterior wall thickness at end-systole (LVPW; s). n=7-9 
per group. G. Quantification of mRNA expression of heart failure markers and sarcomere genes. * p<0.05, *** 
p<0.005, Mann-Whitney test.  
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Figure 4.4 Remodeling changes in CM-KO mice. A. Heart weight normalized by tibia length (HW/TL). B. 
Representative images of Masson’s Trichrome stained heart sections. C. Quantification of CM cross-sectional 
area. D-F: Cell volume and length/width ratio of isolated adult CMs from 3-month-old CM-KO or Control male 
mice. Control: n=106 from 4 mice, CM-KO: n=108 from 4 mice. D. Quantification of CM cell volume. E. 
Quantification of isolated CM length/width ratio. F. Representative images of three-dimensional reconstruction of 
CMs. G. Quantification of mRNA expression of COL1A1 and COL1A2. Mann-Whitney test. 
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Figure 4.5 Measurement of contractility and calcium handling in isolated adult CMs from CM-HIPK2 and 
Control mice at basal condition. Adult CMs were isolated from 3-month-old CM-KO and Control mouse hearts. 
CMs were stained with 2µM Fura 2-AM and paced at 1 Hz for 20 seconds for contractility and Calcium (Ca) 
handling measurement. Caffeine (Caff, 10mM, 5s) was applied after pacing transient to estimate SR Ca content. 
CMs were examined in 2 mM Ca Tyrode’s solution. A. Sarcomere peak shortening normalized to resting 
sarcomere length (%Sarcomere shortening). B. Sarcomere relaxation (τ). C. Diastolic sarcomere length. D. 
Diastolic Ca (Fratio). E. Amplitude of Ca transient. F. Calcium decay rate (τ). G. SR Ca contents. H. Caff decay 
rate. I. Fractional SR Ca release. WT: n=66 from 4 mice, KO: n=64 from 4 mice. Student t-test. 
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Figure 4.6 Measurement of contractility and calcium handling in isolated adult CMs from CM-HIPK2 and 
Control mice at isoproterenol stimulation. Adult CMs were isolated from 3-month-old CM-KO and Control 
mouse hearts. CMs were stained with 2µM Fura 2-AM and paced at 1 Hz for 20 seconds for contractility and 
Calcium (Ca) handling measurement. Caffeine (Caff, 10mM, 5s) was applied after pacing transient to estimate SR 
Ca content. CMs were examined with Isoproterenol (ISO, 1 µM) stimulation in 2 mM Ca Tyrode’s solution. A. 
Sarcomere peak shortening normalized to resting sarcomere length (%Sarcomere shortening). B. Sarcomere 
relaxation (τ). C. Diastolic sarcomere length. D. Diastolic Ca (Fratio). E. Amplitude of Ca transient. F. Calcium 
decay rate (τ). G. SR Ca contents. H. Caff decay rate. I. Fractional SR Ca release. WT: n=60 from 4 mice, KO: 
n=62 from 4 mice. Student t-test. 
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At 8 months of age, the heart failure much worsened with the disease progression as reflected by a 
dramatic decrease in EF and FS (Figure 4.7A-B). Consistently, the CM-KO heart also gradually developed 
dilatative remodeling with significantly enlarged LV internal diameter, thinner posterior wall, increased 
heart weight, cell surface area and fibrosis deposition (Figure 4.7C-J).  
To further delineate the role of HIPK2 in the CM, we used a cell culture model of neonatal rat 
ventricular cardiomyocytes (NRVMs). NRVMs were infected with adenovirus carrying shRNA-HIPK2 
(Ad-shRNA-HIPK2) or shRNA-scrambled (Ad-scrambled) for 48 hours, and reactivation of the fetal gene 
program was examined. The suppression of HIPK2 in NRVMs resulted in significant elevation of NPPA 
(Figure 4.8A), which is consistent with the phenotype in CM-KOs. As a gain-of-function approach, we 
infected NRVMs with adenovirus-expressing WT HIPK2 (Ad-HIPK2) or LacZ (Ad-LacZ). Adenovirus-
mediated overexpression of HIPK2 suppressed the NPPA and NPPB expression at the basal condition 
(Figure 4.8B-C). Strikingly, the phenylephrine-induced elevation of NPPA and NPPB was completely 
abolished by overexpression of HIPK2 (Figure 4.8B-C). Overexpression or knockdown of HIPK2 does not 
alter the CM cell surface area (Figure 4.8D-E). This finding is consistent with the phenotype we observed 
in vivo and with the literature, as well.75 Overall, these in vitro results are consistent with the detrimental 
phenotype of HIPK2 CM-KO hearts and also suggest a cardioprotective role of HIPK2. 
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Figure 4.7 Measurement of cardiac function and heart failure markers in CM-KO mice at 8 months of age. 
8-month-old male CM-KO and control mice were examined by transthoracic echocardiogram. A. Ejection fraction 
(EF). B. Fractional shortening (FS). C. Left ventricle internal dimension at end-diastole (LVID; d). D. Left 
ventricle internal dimension at end-systole (LVID; s). E. Left ventricle posterior wall thickness at end-diastole 
(LVPW; d). F. Left ventricle posterior wall thickness at end-systole (LVPW; s). G. Heart weight normalized by 
tibia length (HW/TL). H. Representative images of Masson’s Trichrome stained heart sections. I. Quantification 
of CM cross-sectional area. J. Quantification of fibrosis deposition. The control group contained 2 age-matched 
HIPK2flox/flox mice and 4 C57BJ6 mice. * p<0.05, Mann-Whitney test. 
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Figure 4.8 The effects of HIPK2 in cardiomyocytes. A. NRVMs were infected with adenovirus expressing 
scrambled shRNA (Ad-scrambled) or shRNA-HIPK2 (Ad-shRNA-HIPK2) for 48 hours. qRT-PCR was performed 
to examine the mRNA expression of NPPA. n=4 independent replicates. ** p<0.01, unpaired t-test.  B-C: NRVMs 
were infected with adenovirus expressing LacZ (Ad-LacZ), or HIPK2 (Ad-HIPK2) for 24 hours. Thereafter, cells 
were treated with phenylephrine (PE, 100µM) for 48 hours. qRT-PCR was performed to examine the mRNA 
expression of NPPA and NPPB. B. Quantification of mRNA expression of NPPA. C. Quantification of mRNA 
expression of NPPB. n=3 independent replicates. * p<0.05, **p<0.01, *** p<0.005, two-way ANOVA with 
Turkey’s post hoc test. D-E. NRVMs were infected with adenovirus, and then cells were fixed and stained with α-
actinin and DAPI. Immunofluorescent images were taken using Nikon TIRF microscope and cell surface area was 
measured with Nikon NIS Elements. D. Quantification of cell surface area of NRVMs infected with Ad-LacZ or 
Ad-HIPK2. E. Quantification of cell surface area of NRVMs infected with Ad-scrambled or Ad-shRNA-HIPK2. 
n=3 independent replicates. Unpaired t-test. 
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CM-Specific HIPK2 Haploinsufficiency is Sufficient to Induce an Adverse Cardiac Phenotype 
To determine if the level of HIPK2 gene expression in the heart directly corresponds to function, 
we compared CM-Het with the littermate control. Cardiac function was comparable between the CM-Het 
and Control up to 3 months of age. However, the heart function of CM-Hets gradually decreased after 3 
months and was significantly reduced at 6 months of age as reflected by significantly decreased EF and FS 
(Figure 4.9A-B). As discussed above, the CM-KO demonstrated marked cardiac dysfunction much earlier, 
at 3 months of age. Thus, these findings indicate a direct relationship between the level of cardiomyocyte 
HIPK2 expression and cardiac function. CM-Het mice also exhibited left ventricular dilation and thinning 
of the left ventricular wall (Figure 4.9C-F). Consistent with the finding in CM-KOs, the heart weight/tibia 
length did not change significantly (Figure 4.10A). CM cross-sectional area was comparable between the 
CM-Het and Control (Figure 4.10B-C). At the molecular level, the expression of the heart failure marker 
NPPA was elevated by ≈10-fold in the Het heart (Figure 4.10D). Comparable fibrosis in CM-Het and 
Control hearts indicated that CM-specific dysfunction preceded the development of fibrosis in the HIPK2-
deficient hearts (Figure 4.10C).  
 
HIPK2 Facilitates its Cardioprotective Effects through ERK Signaling 
We next explored the potential molecular mechanism of the development of cardiac dysfunction in 
HIPK2-deficient hearts. It is well accepted that analysis of heterozygote animals is a more physiologically 
relevant strategy than that of homozygous KOs. Considering this, we used 6-month-old Het null heart tissue 
for the molecular mechanistic studies. Because there is no literature regarding HIPK2 and cardiac function, 
we chose to examine major pathways implicated in myocardial function and dysfunction13 in the setting of 
HIPK2 deficiency. Many of these cardiac pathways were either not significantly changed or the nature of 
the change was not consistent with the observed phenotype (Figure 4.11). It is important to note, however, 
that we discovered that ERK1/2 phosphorylation was significantly decreased in the CM-Het mouse heart 
(Figure 4.12). It is well established that ERK is essential to maintain cardiac function because mice with 
cardiac-specific deletion of ERK1/2 progress to spontaneous cardiac dysfunction and heart failure.76  
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Figure 4.9 Cardiac function of CM-Het mice. Heart function of CM-Het and Controls was measured by 
transthoracic echocardiogram at 3 months and 6 months of age. A. Ejection fraction (EF). B. Fractional shortening 
(FS). C. Left ventricle internal dimension at end-diastole (LVID; d). D. Left ventricle internal dimension at end-
systole (LVID; s). E. Left ventricle posterior wall thickness at end-diastole (LVPW; d). F. Left ventricle posterior 
wall thickness at end-systole (LVPW; s). n=7-10 per group. * p<0.05, *** p<0.005, Mann-Whitney test. 
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Figure 4.10  Characterization of remodeling in CM-Het and Control mice hearts. A. Heart weight normalized 
by tibia length. B. Representative images of Trichrome stained heart sections. C. Quantification of CM cross-
sectional area. D. Quantification of NPPA gene expression in CM-Het and Control left ventricle. * p<0.05, *** 
p<0.005, Mann-Whitney test. 
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Figure 4.11 Characterization of major cardiac signaling pathways in CM-Het null mice. 
Representative immunoblots showing expression of phosphorylation and total expression of HDAC4, 
β-catenin, AKT, p53, JNK, p38, NF-κB and GSK-3α/β in the left ventricle of CM-Hets versus littermate 
Controls. 
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Further mechanistic studies to examine HIPK2 regulation of ERK were performed in vitro using 
NRVMs. For the loss-of-function approach, NRVMs were infected with Ad-shRNA-HIPK2 or Ad-
scrambled, and cell lysates were analyzed for the phosphorylation of ERK. As expected, knockdown of 
HIPK2 significantly decreased both ERK1 and ERK2 phosphorylation (Figure 4.13A-C). As a gain-of-
function strategy, NRVMs were infected with Ad-HIPK2 or Ad-LacZ and cell lysates were analyzed to 
examine the ERK phosphorylation (Figure 4.13D-F). In contrast to the loss-of-function approach, 
overexpression of HIPK2 leads to a significant elevation of ERK1/2 phosphorylation. Because the function 
of HIPK2 could be dependent on its kinase domain or protein-protein interaction with other domains,18,43 
to examine the requirement of HIPK2 kinase function in ERK phosphorylation, we infected NRVMs with 
HIPK2 kinase-dead (K221A) adenovirus (Ad-HIPK2-KD). It is interesting to note that Ad-HIPK2-KD did 
not affect ERK phosphorylation, which indicates that the regulation of ERK by HIPK2 is kinase-dependent 
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Figure 4.12 The effects of HIPK2 on ERK signaling in the heart. A. Representative immunoblot showing 
significantly decreased ERK1 and ERK2 phosphorylation in the left ventricle of CM-Hets versus littermate 
Controls. B-C. Quantification of ERK1 and ERK2 phosphorylation in the left ventricle of CM-Het versus Controls. 
n=6-7 per group. * p<0.05, ** p<0.01, Mann-Whitney test. 
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(Figure 4.13G). Furthermore, in contrast to HIPK2 overexpression, kinase-dead mutation of HIPK2 failed 
to display any cardioprotective effect (Figure 4.13H). This indicates that the regulation of ERK and cardiac 
function by HIPK2 is kinase-dependent. Taken together, these findings suggest that HIPK2 is critical to 
myocardial ERK signaling which, in turn, is vital to the maintenance of basal cardiac function. 
 
Loss of HIPK2 in CMs Promotes Apoptosis 
It is well established that ERK signaling protects the heart from stress-induced apoptosis,77 a key 
driver of cardiac remodeling and heart failure.8 HIPK2 is also known as a key regulator of apoptosis,28 
although its function in this process is complex and context-dependent. Therefore, we investigated the 
extent of CM death and the underlying mechanism in our model. We first assessed the pro-apoptotic and 
anti-apoptotic pathway modulators—BAX and BCL-XL by Western blot analysis in 3-month-old LV tissue. 
The expression of pro-apoptotic molecule BAX was significantly elevated in the CM-KO, as was the 
BAX/BCL-XL ratio (Figure 4.14A-D). We confirmed the activation of apoptosis by terminal 
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay. There was a significant elevation of 
TUNEL-positive CM nuclei in CM-KO (Figure 4.14E-F). The apoptotic events became more remarkable 
with the disease progression at 8 months of age (Figure 4.15A-F). Because cell apoptosis is highly regulated 
by mitochondria, we further examined whether mitochondrial dysfunction or energetic dysregulation was 
altered. To examine the mitochondrial function, we measured the tissue O2 flux with Orobros Oxygraphy, 
but there was no significant change in the CM-KO LV tissue on the addition of different substrates (Figure 
4.16A). We further assessed the cell O2 consumption rate by Seahorse in NRVMs with HIPK2 
overexpression or knockdown. Consistent with the in vivo findings, HIPK2 does not affect mitochondrial 
function and O2 consumption (Figure 4.16B-C). Therefore, metabolic dysfunction of cardiomyocytes is not 
a driver of the cardiac phenotype seen in CM-KOs. Overall, our data clearly implicate impaired ERK 
signaling, leading to the loss of functional CMs, as a primary driver of cardiac dysfunction in CM-KOs. 
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Figure 4.13 The effects of HIPK2 on ERK signaling in cardiomyocytes. NRVMs were infected with adenovirus 
expressing scrambled shRNA (Scrambled), HIPK2 shRNA (Ad-shRNA-HIPK2), LacZ (Ad-LacZ), HIPK2 (Ad-
HIPK2), or HIPK2 kinase-dead (Ad-HIPK2-KD) virus. Western blot analysis was performed to determine the 
phosphorylation of ERK1 and ERK2. A. Representative immunoblot showing significantly decreased 
phosphorylation of ERK1 and ERK2 in HIPK2 knockdown group. B-C. Quantification of ERK1 and ERK2 
phosphorylation in Ad-shRNA-HIPK2 group versus scrambled group. n=5 independent replicates. D. 
Representative immunoblot showing significantly increased phosphorylation of ERK1 and ERK2 in HIPK2 
overexpression group. E-F. Quantification of ERK1 and ERK2 phosphorylation in Ad-HIPK2 group versus Ad-
LacZ group. n=4 independent replicates. G. Representative immunoblot showing no change of phosphorylation of 
ERK1 and ERK2 in kinase-dead group. H. Quantification of mRNA expression of NPPA in NRVMs 
overexpressed with Ad-HIPK2-KD or Ad-LacZ. n=4 independent replicates. * p<0.05, ** p<0.01, unpaired t-test. 
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Figure 4.14 Enhanced apoptosis in CM-KO hearts at 3 months of age. A-D. Protein expression of regulators 
of apoptotic pathway were measured with Western blot. A. Representative immunoblot showing expression of 
BCL-XL and BAX. B-D. Quantification of BAX, BCL-XL expression, and BAX/BCL-XL ratio in the CM-KO 
and Control LV. Control: n=7, CM-KO: n=9. E. Representative images of TUNEL positive CMs nuclei in the 
CM-KO and Control LV section. F. Quantification of TUNEL positive CM nuclei in the CM-KO and Control LV 
section. Control: n=5, CM-KO: n=4. * p<0.05, ** p<0.01, Mann-Whitney test.  
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Figure 4.15 Enhanced apoptosis in CM-KO hearts at 8 months of age. A-D. Protein expression of regulators 
of apoptotic pathway were measured with Western blot in 8-month-old CM-KO and control mice. A. 
Representative immunoblot showing expression of BCL-XL and BAX. B-D. Quantification of BAX, BCL-XL 
expression, and BAX/BCL-XL ratio in the 8-month-old CM-KO and Control LV. E. Representative images of 
TUNEL positive CMs nuclei in the CM-KO and Control LV section. F. Quantification of TUNEL positive CM 
nuclei in the CM-KO and Control LV section. control: n=6, CM-KO: n=3. The control group contained age-
matched 2 HIPK2flox/flox mice and 4 C57BJ6. * p<0.05, Mann-Whitney test. 
control CM-KO 
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Figure 4.16 The effects of HIPK2 on Mitochondrial function in CM-KO hearts and NRVMs. A. LV from 
CM-KO and control mice were processed and Oxygen flux was measured with different substrates as indicated in 
Methods. n=4 per group. Mann-Whitney test. B-C. NRVMs were infected with Ad-LacZ, Ad-HIPK2, Ad-
scrambled shRNA or Ad-shRNA-HIPK2, and oxygen consumption rate (OCR) was measured with different 
stimulation using Seahorse Analyzer as indicated in Methods. n=4 independent replicates. Student t-test. 
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AAV9 TnT-MEK1-CA Rescues the Cardiac Dysfunction of CM-KO Mice 
Finally, we aimed to determine the molecular mechanism of the observed detrimental phenotype 
in CM-KO mice, with our hypothesis being that impaired ERK signaling in CM-KO hearts is the primary 
driver of the observed cardiac dysfunction. To test this hypothesis, we performed an in vivo rescue 
experiment with the AAV9-mediated gene therapy system to restore ERK signaling. We used Troponin 
(TnT)-driven constitutively active MEK1 (MEK1-CA), upstream of ERK, to see whether AAV9 TnT-
MEK1-CA can rescue the HIPK2-deficient phenotype by restoring ERK phosphorylation. To generate the 
AAV9 TnT-MEK1-CA, MEK1-CA plasmid with hemagglutinin (HA) tag78 was cloned into a premade 
AAV9 TnT plasmid construct, thereafter packaged to AAV9 (Figure 4.17). First, we performed a pilot 
experiment using AAV9 TnT-GFP to test the feasibility of CM-specific gene expression delivered by 
AAV9 and optimize the appropriate viral dose and route of delivery. To ensure the reliability of AAV9 
delivery in C57BJ6 background mice, we compared the jugular vein delivery to the tail vein injection.73 
The dose-dependent expression of GFP in the LV clearly indicated the jugular vein as a comparatively more 
efficient route for reliable and consistent viral delivery (Figure 4.18). Thereafter, we delivered 5×1011 
genome copies (GC) of AAV9 TnT-MEK1-CA or AAV9 TnT-GFP to 1-month-old CM-KO or Control 
mice via the jugular vein and heart function was monitored by serial echocardiography. The infection 
efficiency was confirmed by Western blot analysis of GFP and HA (Figure 4.19A). As expected, the ERK 
phosphorylation was restored in the CM-KO mice with AAV9 TnT-MEK1-CA administration (Figure 
4.19). Indeed, AAV9 TnT-MEK1-CA significantly improved the EF and FS of CM-KO so that the cardiac 
function of CM-KO with MEK1-CA was no longer significantly different from the Control (Figure 4.20). 
There was no significant change in the normalized heart weight among groups (Figure 4.21A). Histological 
analysis of heart sections showed a comparable CM cross-sectional area and fibrosis deposition (Figure 
4.21B-C) in the AAV9 groups, consistent with prior observations in CM-KO hearts. The increased 
proapoptotic pathway—BAX expression and BAX/BCL-XL were also significantly rescued by MEK1-CA 
injection (Figure 4.22A-D). TUNEL staining also consistently showed decreased positive CM nuclei in the 
rescue group (Figure 4.22E-F). Thus, restoring ERK signaling in KOs with MEK1-CA efficiently rescued 
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the aberrant activation of proapoptotic signaling, attenuated the ongoing CM death, and thus preserved the 
cardiac function. These findings strongly validate the hypothesis that impaired ERK signaling is a key 
mechanism of cardiac dysfunction in HIPK2 CM-KOs. 
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Figure 4.17 Experimental design of AAV9 rescue experiment. A. The Map of the TnT-MEK1-CA plasmid 
used in our experiments for AAV9 packaging. B. Design of AAV9 rescue experiment. 1-month-old CM-KO or 
Control male mice were injected with either AAV9 TnT-GFP or AAV9 TnT-MEK1-CA via jugular vein. 
Echocardiography was performed before and after the injection at indicated time points to assess heart function. 
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Figure 4.18 Pilot study of AAV9 gene delivery and infection efficiency in the heart. 1.5-month-old C57BL/6J 
male mice were injected with AAV9 TnT-GFP via jugular vein or tail vein with the indicated dose. Two weeks 
after injection, the heart was harvested and processed for protein lysates or froze for staining. A. Representative 
immunoblot of protein expression of GFP in the heart. B. Representative immunofluorescent images of ventricles 
from mice injected with 5×1011 GC via jugular vein, 20X. 
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Figure 4.19 ERK signaling change in AAV9 rescue experiment. Protein expression of ERK phosphorylation, 
GFP and HA in LV by Western blot. A. Representative immunoblot showing expression of p-ERK, t-ERK, GFP 
and HA. B-C. Quantification of ERK1 and ERK2 phosphorylation. Control+AAV9 TnT-GFP: n=4, CM-
KO+AAV9 TnT-GFP: n=5, Control+AAV9 TnT-MEK1-CA: n=4, CM-KO+AAV9 TnT-MEK1-CA: n=5. 
**p<0.01, *** p<0.005, one-way ANOVA with Turkey’s post hoc test. 
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Figure 4.20 Echocardiographic assessment of heart function in AAV9 rescue experiment. A. Ejection fraction (EF). 
B. Fractional shortening (FS). C. Left ventricle internal dimension at end-diastole (LVID; d). D. Left ventricle internal 
dimension at end-systole (LVID; s). E. Left ventricle posterior wall thickness at end-diastole (LVPW; d). F. Left ventricle 
posterior wall thickness at end-systole (LVPW; s). Control+AAV9 TnT-GFP: n=7, CM-KO+AAV9 TnT-GFP: n=8, 
Control+AAV9 TnT-MEK1-CA: n=11-12, CM-KO+AAV9 TnT-MEK1-CA: n=9-10. *p<0.05 versus Control+AAV9 
TnT-GFP, #p<0.05 versus CM-KO+AAV9 TnT-MEK1-CA, Mixed-effects analysis with Turkey’s test.  
*
*
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Figure 4.21 Characterization of remodeling in AAV9 rescue experiment. A. Heart weight normalized by tibia 
length. B. Representative images of Trichome staining heart sections. C. Quantification of CM cross-sectional 
area. Control+AAV9 TnT-GFP: n=7, CM-KO+AAV9 TnT-GFP: n=8, Control+AAV9 TnT-MEK1-CA: n=11-12, 
CM-KO+AAV9 TnT-MEK1-CA: n=9-10.  
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Figure 4.22 Apoptotic events in AAV9 rescue experiment. Protein expression 
of regulators in apoptotic pathway were measured with Western blot. A. 
Representative immunoblot showing expression of BCL-XL and BAX. B-D. 
Quantification of BAX, BCL-XL expression, and BAX/BCL-XL ratio in the CM-
KO and Control LV. E. Representative images of TUNEL positive CM nuclei from 
all groups. F. Quantification of TUNEL positive CM nuclei in the LV section. 
Control+AAV9 TnT-GFP: n=4, CM-KO+AAV9 TnT-GFP: n=5, Control+AAV9 
TnT-MEK1-CA: n=4, CM-KO+AAV9 TnT-MEK1-CA: n=5. **p<0.01, *** 
p<0.005, one-way ANOVA with Turkey’s post hoc test. 
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HIPK2 and Cardiotoxicity 
MEK inhibitor Trametinib (brand name Mekinist, GlaxoSmithKline Pharmaceuticals) was 
approved by the FDA in 2013 and by the European Union in 2014 for the treatment of metastatic melanoma 
with BRAF (V600E or V600K) mutations. Adverse cardiovascular effects of Trametinib is a serious 
concern.79 The mechanistic studies and AAV9 rescue experiment strongly indicated that HIPK2 exerts its 
protection in cardiomyocytes partially through ERK signaling. Therefore, we hypothesized that 
overexpression of HIPK2 can protect cardiomyocytes from injury induced by ERK or MEK1 inhibitors. At 
basal condition, we found that neither overexpression or knockdown of HIPK2 in NRVMs affect NRVMs 
cell viability (Figure 4.23A). We then pre-conditioned NRVMs with overexpression or knockdown of 
HIPK2 by Ad-LacZ, Ad-HIPK2, Ad-scrambled or Ad-shRNA-HIPK2 infection. Then, we treated cells with 
MEK inhibitor U0126 for 24 hours and measured the cell viability. Strikingly, overexpression of HIPK2 
significantly preserved the cell viability compared with NRVMs infected with ad-LacZ (Figure 4.23B). 
Conversely, knockdown of HIPK2 resulted in decreased cell viability with MEK1 inhibition (Figure 4.23C). 
This indicates that overexpression of HIPK2 makes the cardiomyocyte resistant to MEK1 inhibition. 
Consistently, knockdown of HIPK2 makes NRVMs susceptible to MEK1 inhibition. 
Meanwhile, we asked if this protection to the cardiotoxicity drugs is specifically through ERK 
signaling. We stressed the NRVMs overexpressing HIPK2 or LacZ with Doxorubicin for 48 hrs. We 
observed comparable cell viability between the overexpression and control group (Figure 4.23D), 
suggesting that HIPK2 was unable to protect against doxorubicin-induced cardiotoxicity. 
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Figure 4.23 The effect of HIPK2 in cardiotoxicity. NRVMs were infected with ad-HIPK2, ad-LacZ, ad-
scrambled, or ad-shRNA-HIPK2, and then treated with different drugs and cell viability was measured 
using Cell-Tilter Glo Assay. A. Cell viability with HIPK2 overexpression or knockdown. B-C. Cell 
viability with HIPK2 overexpression or knockdown in response to 24hr U0126 treatment. D. Cell viability 
with HIPK2 overexpression or knockdown in response to 48hr doxorubicin treatment. n= 3 biological 
replicates. Student t-test. 
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Heart Function of αMHC-Cre Control Mice 
The αMHC-Cre mouse has been reported to develop heart failure spontaneously by age.80,81 
Therefore, we created αMHC-Cre control mice (αMHC-Cre+/-) by crossing αMHC-Cre with C57BJ6 mice 
and examined their heart function at the corresponding time point as in CM-Het and CM-KO studies. The 
echo data showed no significant change of EF between αMHC-Cre+/- and C57BJ6 mice at 3 months of age. 
The αMHC-Cre+/- mice developed significantly decreased heart function at 6 months of age compared with 
age-matched C57BJ6 mice (Figure 4.24). Compared to αMHC-Cre+/- group, the heart function (EF and FS) 
of HIPK2 αMHC-Cre Het was still significantly decreased, which indicated cardiac dysfunction in CM-Het 
is indeed due to loss of HIPK2. 
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Figure 4.24 Echocardiographic examination of heart function in αMHC-Cre controls. A. EF. B.  FS. n=7 in 
C57BJ6  and αMHC-Cre+/- group. *P<0.05, **P<0.01, ***P<0.005, Mann-Whitney test. 
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4.4 Discussion 
This is the first study to fully describe the role of HIPK2 in the heart. By using CM-specific KO 
mice in conjunction with a series of in vitro studies, we showed that loss of HIPK2 is detrimental to heart 
function. In addition, we clearly established a dose-dependent effect of the gene level of HIPK2 on cardiac 
function, because ≈50% knockdown of HIPK2 (CM-Het mice) slowed down the progression of heart failure 
in comparison to an almost complete loss of HIPK2 (CM-KO mice). This precise dose-dependent effect of 
the HIPK2 level on cardiac function further indicates the functional relevance of HIPK2 in cardiac 
pathology.  
Previous studies indicate that HIPK2 is critical to development and differentiation, such as in neural 
development,30,37,38 angiogenesis,32 and hematopoiesis.41,82 Our findings indicate that HIPK2 is essential to 
cardiac function in adults rather than to cardiac development or maturation. The cardiac function of global 
KO and cardiac-specific KO mice were comparable to their respective controls up to 2 months of age. 
However, the heart function of KOs quickly deteriorates in adults suggesting the necessity of HIPK2 to 
maintain adult heart homeostasis. This line of reasoning is further supported by the literature that HIPK2 
expression is significantly increased in mature hearts.15 Taking into account the protection with HIPK2 
overexpression in NRVMs and reduced HIPK2 expression in failing human hearts, we predict that cardiac-
specific restoration of HIPK2 in failing hearts may slow down the disease progression. Further studies with 
cardiac-specific HIPK2 transgenic mice will be required to test this hypothesis. 
Mechanistically, we characterized the main cellular processes and signaling pathways involved in 
cardiac remodeling thoroughly and identified that HIPK2 exerts its cardiac effect primarily through ERK-
regulated apoptosis. It is important to note that this is the first study to identify ERK as a downstream target 
of HIPK2. Using both gain- and loss-of-function approaches, we clearly demonstrate that HIPK2 is required 
for cardiac ERK signaling. Furthermore, our studies suggest that impaired ERK signaling in CM-KO is the 
primary mechanism leading to cardiac dysfunction. This conclusion is strongly supported by our rescue 
experiment with AAV9-mediated gene therapy to restore ERK signaling, which significantly improved 
heart function in CM-KOs. Indeed, numerous studies have suggested the essential role of ERK signaling in 
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myocardial pathophysiology.76,77 Mice with cardiac-specific deletion of ERK1/2 showed spontaneous 
cardiac dysfunction and chamber dilation leading to severe heart failure and death.76 Conversely, transgenic 
mice with cardiac-specific activation of ERK1/2 signaling (via MEK1 expression) augmented cardiac 
function. Cardiac-specific MEK1 transgenic mice were partially resistant to stress-induced heart failure.77 
It is intriguing that Trametinib, a MEK inhibitor used for the treatment of metastatic melanoma, is also 
found to decrease heart function.79 These pieces of evidence suggest that an intact ERK signaling is critical 
to maintain cardiac homeostasis in humans. Our AAV9 rescue experiment also supports the concept that 
impaired ERK signaling exerts its detrimental cardiac effects by activating the apoptotic signaling and CM 
death. The continuous loss of functional CMs in KO hearts could also explain the disagreement that KOs 
maintained the normal contractility and calcium handling at the cellular level, whereas the contractile 
function decreased at the organ level.83,84 Although it is well established that ERK signaling can protect 
CMs from apoptosis, the targets and underlying mechanism are still unclear and certainly warrants future 
investigation. Considering the direct regulation of HIPK2 on cell death, it will also be interesting to 
determine if HIPK2 also regulates cardiomyocytes apoptosis in an ERK-independent manner. 
With both overexpression and knockdown tools, we demonstrated that HIPK2 can protect the 
cardiomyocyte from MEK inhibitor mediated toxicity but not from doxorubicin. This study further 
demonstrated that HIPK2 exerts its protective effect in the cardiomyocyte mainly through ERK signaling. 
One limitation of these studies is that the cell viability assay we employed here is based on the total ATP 
content, which is not a specific parameter to indicate a change in certain cellular processes. The change of 
ATP content is very dynamic and can be affected by many factors such as proliferation, cell death, and/or 
ATP generation process. Therefore, more specific assays are needed to determine the underlying 
mechanisms. The HIPK2/ERK mediated cell death might be one of the underlying mechanisms. It would 
be informative to study if other potential ERK regulated cellular processes especially the ATP production85 
and utilization process are dysregulated. In the doxorubicin study, since doxorubicin dysregulated many 
cellular processes via multiple signaling pathways, it would not be surprising to see that reserving ERK 
signaling only is not sufficient to rescue cardiomyocytes. 
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Previous studies indicated that αMHC-Cre mice from Dr. Schneider's laboratory may develop 
cardiomyopathy with age. Pugach et al80 indicated that the heart function (EF) of the αMHC-Cre+/- male 
mice was significantly increased together with an increase of heart rate at 3 months of age, however, these 
parameters were significantly decreased at 6 months of age. The authors interpreted the early increase of 
EF and HR (at 3 months) as a compensatory response to developing pathology. Davis and Molkentin group 
reported that this αMHC-Cre line developed by Schneider laboratory started to display cardiac dysfunction 
by 8 to 12 months of age.81 Our results are almost consistent with Pugach’s finding that we observed 
significant cardiac dysfunction by 6 months of age. Of note, compared to the αMHC-Cre+/- mice, the heart 
function of CM-Het mice was still significantly decreased. Furthermore, at a much younger age, while there 
is no significant change in heart function of αMHC-Cre+/- mice, the CM-KO mice also exhibited strikingly 
decreased heart function compared to either αMHC-Cre control or flox/flox littermate controls. Taken 
together, these findings suggest that the dysfunction in the cardiomyocyte-specific HIPK2 Het null and KO 
mice are mainly driven by HIPK2 deficiency. 
Overall, this study identifies HIPK2 as a critical regulator of cardiac homeostasis. Cardiac-specific 
deletion of HIPK2 leads to impaired ERK signaling and cardiac dysfunction. This pathway is central to the 
pathology because a rescue experiment to restore ERK signaling abolished the cardiac dysfunction 
phenotype in CM-KOs. We also identified that HIPK2 is downregulated in the myocardium of patients with 
heart failure (Chapter II). From a translational perspective, our results suggest HIPK2 as a target for 
cardioprotective therapy. Clinically, the inhibition of HIPK2 has been proposed as a therapeutic approach 
for the management of renal fibrosis and certain cancers.82,86 Our current data provide a cautionary note for 
the potential cardiac side effects of systemic HIPK2 inhibition.  
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Chapter 5 
 
Characterization of Heart Function in Cardiomyocyte-Specific HIPK2 Conditional Knockout Mice 
 
5.1 Introduction 
HIPK2 is known for its role in development. However, our data in Chapter III and Chapter IV 
showed development of the cardiac dysfunction in adult stage despite the deletion during embryogenesis. 
We hypothesized that HIPK2 may be indispensable in maintaining the adult heart function. To further 
investigate its role in the fully mature heart, we generated cardiomyocyte-specific HIPK2 conditional KO 
(inducible) mice driven by αMHC-MerCreMer. 
 
5.2 Methods 
Generation of αMHC-MerCreMer driven conditional HIPK2 KO mice 
The αMHC-MerCreMer mice B6.FVB(129)-A1cfTg(Myh6-cre/Esr1*)1Jmk/J15 (JAX Stock #005657) and 
C57BL/6J mice (JAX Stock #000664) were purchased from the Jackson Laboratory. The conditional KO 
mice and littermate control mice were generated by crossing HIPK2flox/flox mice and αMHC-MerCreMer 
mice. The primers used for HIPK2flox/flox mice genotyping are:  
Forward: CAGAGACATTAGCTCCTACAACC; Reverse: CCCAGACCTACCTGATCATACT.  
 
 
 
 
Step # Temp °C Time Note 
1 94 3 min - 
2 94 30 sec - 
3 61 45s - 
4 72 1 min repeat steps 2-4 for 35 cycles 
5 72 5 min - 
6 10 - hold 
68 
 
5.3 Results 
Generation of the Cardiomyocyte-Specific HIPK2 Conditional KO Mice 
To generate the CM-specific HIPK2 conditional KO mice, HIPK2flox/flox mice mentioned in Chapter 
III were crossed with mice expressing αMHC promoter-driven MerCreMer.  HIPK2flox/flox MerCreMer+/ 
represented the cardiomyocyte-specific HIPK2 conditional KO mice (cKO), whereas HIPK2flox/flox/ 
represented the littermate control (Control). To induce deletion, at 2 months of age, both Control and cKO 
mice were fed with Tamoxifen chow (Tam) for 2 weeks, and then the Tam chow was switched back to 
normal chow for another 2 weeks for Tamoxifen washout (to allow the clearance of tamoxifen and any 
associated effects) (Figure 5.1A).  
 
TAM 
0 4 2 6 10 Time (weeks) 
Echo 
Wash out 
Control 
or 
cKO 
(10-week-old) 
Figure 5.1 Experimental design and characterization of HIPK2 conditional KO mice. A. 10-week-old cKO 
or Control male mice were fed with Tamoxifen chow (TAM) for 2 weeks, and then switched on regular chow to 
the end of the experiment. Echocardiography was performed before the TAM treatment and every two weeks after 
the treatment. B. Body weight of cKO and Control at 4-week post-TAM. C. Quantification of mRNA expression 
of HIPK2 in cKO versus Control. Control: n=6, cKO: n=11. ****P<0.0001, Mann Whitney test. 
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Characterization of Heart Function in cKOs 
The body weight was comparable between cKO and Control mice after TAM-induced deletion 
(Figure 5.1B). The HIPK2 expression in cKO LV was decreased by about 85% compared with Control 
(Figure 5.1C), suggesting a reliable deletion efficiency in the TAM-induced KO model. The heart function 
was examined by TTE at baseline (before on tamoxifen chow), 2-week, 4-week, 6-week, and 10-week after 
TAM treatment. Notably, the heart function was significantly decreased in the cKO from 2 weeks after 
TAM-induced deletion of HIPK2 as reflected by significantly reduced EF and FS (Figure 5.2). The cardiac 
dysfunction was maintained in cKOs till the end of study i.e. 10-week post-TAM. The LV also exhibited a 
compensated change with significant dilation of LVID at systole, as well as the thickening of the posterior 
wall at diastole. The heart weight was also increased in the cKO (Figure 5.3A), indicating the organ level 
hypertrophy. At 4-week post-TAM, the heart function slightly improved but was still worse than the Control 
and this condition continued to 10-week post-TAM. Consistently, the heart failure marker NPPA was 
significantly elevated in the cKO LV (Figure 5.3B). There was no significant change of pro-fibrotic gene 
COL1A1 or excess fibrosis deposition in the cKO LV (Figure 5.3C). 
As it is widely known that tamoxifen (TAM) and Cre have a certain amount of cardiotoxicity,81 we 
also generated MerCreMer control mice (MerCreMer+/ , MCM-Control) by crossing C57BL/6J and αMHC-
MerCreMer+/+ mice. The MCM-Control mice were also on tamoxifen chow following the same protocol as 
the cKO mice. The heart function was examined by TTE at indicated ages. The heart function of MCM-
Control was comparable to the Control (HIPK2flox/flox) mice (Figure 5.4). This data suggests a minimal effect 
of MerCreMer on cardiac function. Overall, the above data indicated that induced deletion of HIPK2 in the 
adult mouse heart is detrimental to the cardiac function. 
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Figure 5.2 Cardiac function of HIPK2 cKO mice. Heart function of cKO and Controls was measured by 
transthoracic echocardiogram at 3 months and 6 months of age. A. Ejection fraction (EF). B. Fractional shortening 
(FS). C. Left ventricle internal dimension at end-diastole (LVID; d). D. Left ventricle internal dimension at end-
systole (LVID; s). E. Left ventricle posterior wall thickness at end-diastole (LVPW; d). F. Left ventricle posterior 
wall thickness at end-systole (LVPW; s). *P<0.05, **P<0.01, ****P<0.001, Mann-Whitney test. 
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Figure 5.3 Characterization of the remodeling process in cKO mice heart. A. Heart weight normalized by 
body weight. B. Quantification of mRNA expression of NPPA in cKO and Control LV at 4-week post-TAM. C. 
Quantification of mRNA expression of COL1A1 in cKO and Control LV at 4-week post-TAM. *P<0.05. Mann-
Whitney test. 
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Figure 5.4 Echocardiographic assessment of MCM-Control mice and comparison with cKO. 2.5-week-old 
male MCM-Control mice were fed with TAM for 2 weeks and the heart function was assessed by 
echocardiography at indicated time points. A. EF. B. FS.  n=10 in MCM-Control group. 
72 
 
The Expression of HIPK2 by Ages 
As discussed above, the cardiac dysfunction in 3 different KO models, the global KO, the CM-KO 
as well as the cKO, all developed in adulthood (after 2 months of age). This is despite that αMHC-driven 
deletion occurs as early as at birth and the global KO mice lack gene activity throughout embryogenesis. 
Strikingly, HIPK2 deletion in fully mature hearts rapidly leads to decreased heart function. This suggests 
that HIPK2 is essential in maintaining adult heart function. Considering that HIPK2 expression level is 
correlated with the heart function (Chapter IV), we hypothesized that HIPK2 expression is age-related and 
may dominate in the fully mature heart. To examine the HIPK2 expression at different ages, we harvested 
hearts from C57BL/6J mice at embryonic day 12.5 (E12.5), day 1, and 4 months of age, representing 
embryonal, neonatal and adult stages respectively. Analysis of HIPK2 expression reveals a higher HIPK2 
expression level in adults than in embryonic or neonatal hearts (Figure 5.5). This expression pattern may 
partially explain the time course of the cardiac phenotype we observed in all KO models. 
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**
Figure 5.5 HIPK2 expresion in the heart with age. A. Schematic representation of HF progression in different 
HIPK2 genetic ablation models with age. Triangle indicates the development of HF. The dash line indicates the 
estimated start age of HIPK2 deletion. B. Quantification of mRNA expression of HIPK2 in the heart with ages. 
Mouse heart was harvested from C57BL/6J mice at E12.5, 1 day and 4 months of age. n=6 per group. **P<0.01, 
one-way ANOVA with Tukey post hoc test. 
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5.4 Discussion 
Using tamoxifen-induced HIPK2 conditional KO mice, we identified that deletion of HIPK2 is 
detrimental to the adult heart function. This finding is consistent with the finding in CM-KO and strongly 
supports that HIPK2 is essential for adult heart homeostasis and its deletion leads to cardiac dysfunction. 
The deletion in the αMHC-Cre KO hearts is as early as the neonatal stage, but they display significant 
phenotype only in adulthood (starting from 2 months of age). And the onset of cardiac dysfunction (3 
months of age) is at similar time frame as the cKO (2-week post-TAM ≈ 3 months of age). Although this 
expression pattern is quite different from what observed in the nervous system, yet it reflects that HIPK2, 
as a transcription regulator, precisely controls gene expression in the right place and right time. The 
underlying regulating mechanism is still unknown, but it will be interesting to examine how and why HIPK2 
is tightly regulated in the heart with age.  
Regarding the potential cardiotoxicity caused by tamoxifen and Cre, our tamoxifen chow protocol 
ensures sufficient and stable plasma tamoxifen level to induce deletion as well as minimize the tamoxifen 
toxicity to the mouse. Our laboratory has compared the different protocols of tamoxifen-induced gene 
excision, specifically, chow diet vs IP injection and as well as the duration of the treatment. The protocol 
employed here is optimized to achieve the best deletion efficiency with minimal adverse effects. The 
minimum change of the heart function in the MCM control group also strongly supports this and indicates 
that the change of heart function in cKO is mainly due to the deletion of HIPK2.   
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Chapter 6 
 
Identifying the Role of HIPK2 in Cardiac Fibroblasts 
 
Part of the experimental data in this chapter was generated and provided by Dr. Prachi Umbarkar 
in the Lab. (marked with *) 
6.1 Introduction 
Virtually every form of heart disease is associated with FB activation and fibrosis. Since 
cardiomyocytes are notoriously known for their poor regenerative capabilities, the major way for the rest 
of cardiomyocytes to handle the stress is hypertrophy. Meanwhile, loss of cardiomyocytes activates 
fibroblasts to proliferate and increase extracellular matrix deposition which eventually replaces injured 
myocardium with the scar tissue. The fibroblasts are the main cell types in the cardiac interstitium, but their 
effects on cardiac function were underestimated for a very long time. Recent studies have demonstrated 
that FB-specific genetic manipulation can lead to robust cardiac phenotype.  Since HIPK2 is known as a 
profibrotic factor in kidney fibrosis,60 we aimed to examine the role of HIPK2 in cardiac fibroblasts and 
fibrosis. Our hypothesis is that deletion of HIPK2 may decrease fibrosis in the heart. 
 
6.2 Methods 
Neonatal rat cardiac fibroblasts culture 
Neonatal rat cardiac fibroblasts (NRVFs) were isolated from 1-day-old neonatal rat pups and were 
cultured in DMEM with 10% FBS and 1% antibiotics. Only the 1st passage of the fibroblasts was used in 
the experiments. Fibroblasts were starved in serum-free medium for overnight and infected with adenovirus 
for 24 hours. Then cells were treated with TGF-β1 (10ng/mL) for 1hour. 
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6.3 Results 
TGFβ1 is a potent profibrotic cytokine. It regulates fibrosis by activating SMAD3 via the classical 
TGFβ pathway.  To investigate if HIPK2 can affect TGFβ1-SMAD3 pathway, NRVFs were infected with 
Ad-HIPK2 or Ad-LacZ (300MOI) for 24 hrs. Thereafter, cells were treated with TGFβ1 (10mg/mL) for 1 
hour. The cell lysates were analyzed for the phosphorylation of SMAD3. Overexpression of HIPK2 
significantly decreased the TGFβ-induced SMAD3 phosphorylation (Figure 6.1). Thus, HIPK2 can 
negatively regulate TGFβ1-SMAD3 pathways, which suggests a potential anti-fibrotic effect of HIPK2 in 
cardiac fibroblasts. 
To further study the role of HIPK2 in cardiac fibroblasts and fibrosis after injury, we generated the 
fibroblast-specific knockout mice driven by periostin-Cre (HIPK2flox/flox Cre/, cFB-KO). To achieve the FB-
specific HIPK2 KO mice, we crossed the HIPK2flox/flox mice with periostin-Cre mice. At 4 months of age, 
the heart function was examined by TTE. The heart function was comparable between the cFB-KO and 
Control mice at baseline. We then challenged the cFB-KO and littermate controls with MI surgery.  At 4 
weeks post-MI, the cFB-KO displayed a marked cardiac dysfunction as reflected by significantly decreased 
EF and FS compared to littermate controls (Figure 6.2*). Taken together, cFB-specific deletion of HIPK2 
leads to a robust detrimental cardiac phenotype.  
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Figure 6.1 The effects of HIPK2 on TGFβ-Smad signaling in cFBs. NRVFs were infected with adenovirus 
expressing LacZ (Ad-LacZ) and HIPK2 (Ad-HIPK2) virus for 24 hrs and then treated with TGFβ1(10mg/mL) for 
1 hour. Protein lysates were then harvested for western blot analysis to determine the phosphorylation of SMAD3. 
A. Representative immunoblot showing significantly decreased phosphorylation of SMAD3. B. Quantification of 
SMAD3 phosphorylation in Ad-HIPK2 group versus control group. n=3 independent replicates. ** p<0.01, two-
way ANOVA with post-hoc Turkey’s test. 
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Figure 6.2* CF-HIPK2 KO leads to cardiac dysfunction post-MI. WT and CF-HIPK2 KO mice were subjected to 
MI surgery and followed with TTE. A. Left ventricular ejection fraction (LVEF). B. LV fractional shortening (LVFS).
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6.4 Discussion 
Jin et al have reported that knockout of HIPK2 can significantly decrease kidney fibrosis via 
inhibiting the TGFβ1-SMAD pathway. However, our results are in stark contrast with this finding and 
support an anti-fibrotic role of HIPK2 in cardiac fibroblasts and myocardial fibrosis. Consistent with the in 
vivo findings, overexpression of HIPK2 in NRCFs suppressed the TGFβ1-SMAD3 pathway. The 
disagreement with Jin et al60 indicates another tissue-specific role of HIPK2 in cardiac fibroblasts versus 
kidney tubular cells. It would be informative to study how HIPK2 regulates TGFβ1-SMAD3 pathway and 
myofibroblast transformation in cFBs.  
Our preliminary data indicated that deletion of HIPK2 specifically in the cardiac fibroblast can 
aggravate MI-induced cardiac dysfunction. It will be informative to further investigate how this loss of 
HIPK2 in cFBs affect fibrosis and remodeling process in ischemic hearts. Further studies are needed to 
elucidate the mechanism of fibrotic remodeling and healing process in the FB-specific HIPK2 KOs.  
Altogether, the role of HIPK2 in both cardiomyocytes, and cardiac fibroblasts are protective. Therefore, 
increasing expression of HIPK2 may be a promising method to preserve the cardiac function in the failing 
heart.  
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Chapter 7 
 
Conclusion and Future Directions 
 
7.1 Conclusion 
Protein kinases are important regulators of cardiac physiology and pathophysiology. In this project, 
we aimed to identify novel kinase targets of heart failure by using Expression2Kinase approach (Chapter 
II).  Herein, we identified HIPK2, a previously less studied kinase in the context of cardiac biology.  We 
then examined the heart function by using global KO mice (Chapter III), cardiomyocyte-specific KO and 
heterozygous null mice (CM-KO and CM-Het, Chapter IV), and inducible cardiomyocyte-specific KO mice 
(cKO, Chapter V). With all these models, we observed decreased heart function occurred in adulthood, 
which strongly supported our key finding that 1) deletion of HIPK2 is detrimental to adult heart function. 
Data from both CM-KO and CM-Het mice also indicate the 2) haplo-insufficiency of HIPK2’s cardiac 
effect and the function of HIPK2 is dependent on its gene level. Based on these findings, we hypothesized 
that HIPK2 expression may change with age (Chapter V). We examined the HIPK2 expression at different 
ages and found another character of CM HIPK2 that 3) HIPK2 expression in the heart is elevated in 
adulthood in comparison with embryonal and neonatal stages. 
As global KO mice displayed defects in multiple organs, we mainly employed the CM-KO and 
CM-Het models for mechanistic studies (Chapter IV). We examined the major signaling pathways involved 
in cardiac remodeling and identified impaired ERK signaling as a key driver of the pathogenesis. We further 
validated our findings with in vitro NRVMs models using adenovirus delivered gain-of-function and loss-
of-function approaches. Notably, overexpression of HIPK2 could elevate ERK phosphorylation and vice 
versa. Besides, this regulation is also dependent on HIPK2’s kinase function. To further evaluate if HIPK2 
exerts its cardiac effect via ERK signaling, we did a rescue experiment using AAV9 TnT-MEK1-CA in 
CM-KO mice. Intriguingly, the MEK1-CA construct successfully rescued the cardiac dysfunction in CM-
KO mice by maintaining the apoptosis pathway. Overall, another key finding of this project is that 4) 
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deletion of HIPK2 in the heart leads to cardiac dysfunction through dysregulated ERK signaling mediated 
apoptosis. In addition, overexpression of HIPK2 could protect cardiomyocytes from PE-induced 
hypertrophy and MEK1 inhibitor-induced cell death. Since HIPK2 expression was down-regulated in 
ischemic cardiomyopathy (Chapter II), it is possible that 5) overexpression of HIPK2 is cardioprotective. 
The last but not the least, we also examined the role of HIPK2 in cardiac fibroblasts and fibrosis 
(Chapter VI). 6) HIPK2 negatively regulates the TGFβ1-Smad3 pathway in cardiac fibroblasts. 
Consistently, CF-specific HIPK2 deletion worsens the post-MI cardiac function. 
Overall, HIPK2 exhibits a protective role in both cardiomyocytes and cardiac fibroblasts. To 
translate it into a potential therapeutic target, more studies are needed to fully understand its function and 
underlying mechanisms. 
 
7.2 Future Directions 
Develop reliable HIPK2 antibodies  
Antibodies are important tools to study protein function. Lack of a validated antibody is a huge 
caveat in the HIPK2 study field. Unfortunately, most of the published data showing HIPK2 protein 
expression in the cardiomyocyte,75 brain,39 or kidney60 are unlikely to be reproduced in our lab. Although 
the tagged-protein is one common method to use, the transfection limitation in the cardiomyocyte and 
potentially different characteristics of endogenous and exogenous proteins are all possible concerns. It is 
important to generate a validated antibody with high specificity and sensitivity for better understanding the 
protein level changes, post-translation modifications, protein-protein interactions, and protein-chromatin 
interactions, etc. 
 
Identify the mechanism of HIPK2 regulation in the heart 
As this is the first study to examine the role of HIPK2 in the heart, the discovery of dysregulated 
ERK signaling is just a beginning, a lot of new questions are arising from the current finding.  
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1) Our findings showed that HIPK2 regulates heart function via ERK-mediated apoptosis. However, 
we still do not know i) how HIPK2 regulates ERK, ii) how ERK regulates apoptosis, iii) if there 
are ERK-independent apoptosis pathways, and also iv) other potential signaling pathways and 
cellular processes regulated by HIPK2 in the heart (will discuss in detail below). 
2) HIPK2 is dynamically regulated in different tissues, ages, and disease contexts. Thus, one important 
question to address is how HIPK2 is regulated in cardiomyocytes—the upstream regulators or 
stimuli of HIPK2. 
i) One direction is to study the stress factors that can activate or suppress HIPK2. As 
discussed above, hypoxia is one relevant stimulus to examine in the cardiomyocyte. Other 
stimuli such as mechanical stress, reaction oxygen species, inflammation factors, 
chemotherapies, catecholamines, and natriuretic peptides, are also reasonable to examine. 
Besides, how HIPK2 level is maintained at rest in CMs is also important to learn. 
ii) The other aspect is to examine molecules that regulate HIPK2 activity. This could be 
achieved by employing mass spectrometry genome-wide CRISPR knockout screening in 
the cardiac iPSC cell lines.  
3) What molecules/cellular processes are regulated by HIPK2—the downstream effectors of HIPK2. 
To better understand the role of HIPK2 in the heart, it is important to learn the downstream effectors 
of HIPK2, including i) transcription profile regulated by HIPK2, ii) proteins directly interacting 
with HIPK2, iii) post-translational targets of HIPK2, iv) promoters efficiency affected by HIPK2. 
These aims can be achieved using RNAseq, mass spectrometry, phosphoproteomics, ChIP-seq, and 
kinome analysis. 
4) Localization of HIPK2 
With a high-quality antibody, it is also essential to learn the localization of HIPK2 and more 
importantly, the translocation mechanism and its relationship with its function. As an extension of 
the current study, this can help to understand how HIPK2, as a nuclear kinase, regulates ERK and 
SMAD3 phosphorylation. We also speculate that there might be some other intermediate factors 
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regulated by HIPK2. This study would be facilitated with a high-quality antibody and the 
information learned from RNAseq. 
 
Identify the role of HIPK2 in cardiac stress 
By using multiple HIPK2 KO mice, we discovered that HIPK2 is essential in maintaining normal 
cardiac homeostasis. However, the role of HIPK2 in response to different cardiac stress is still unknown. It 
will be interesting to study HIPK2 in those most commonly used cardiac injury and heart failure models: 
1) TAC model: TAC model is the classical pressure-overload model to induce heart failure, and it was 
also the model we used to identify targets at the beginning. Considering that the cardiac dysfunction 
in HIPK2 KO mice is mainly due to dysregulated ERK signaling, we hypothesized that CM-KO or 
CM-Het null mice may have a worse cardiac function than the control group. However, it could 
also be possible that HIPK2-deficient hearts may have a better heart function in response to TAC 
since a moderate resistant to hypertrophy could be beneficial in TAC. 
2) AngII/PE: AngII/PE infusion is a commonly used pharmacological-induced heart failure model. 
This model primarily works by activating the RAAS and the sympathetic nervous system. We 
hypothesize that the phenotype in this model could be similar to that of TAC model. In addition, 
this model may be useful to study the role of HIPK2 and GPCR mediated signaling. 
3) Myocardial infarction (MI) model: MI model mimics the myocardial infarction patients with 
occlusion of the coronary artery. We expect to see a decreased cardiac function in the HIPK2 KO 
hearts which will be consistent with the finding that decreased HIPK2 in the ischemic 
cardiomyopathy heart tissue. 
4) Ischemia/Reperfusion(I/R): I/R is an appropriate model to study acute ischemic injury and 
reperfusion in the heart. Since previous studies showed that HIPK2 is suppressed by hypoxia, it 
will be interesting to learn if HIPK2 can rescue the ischemic injury. It is also an appropriate model 
to study if hypoxia is a stimulus of HIPK2 expression and activity in cardiomyocytes. 
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Identify the protective role of HIPK2 in cardiac injury 
We identified the protective effect of HIPK2 overexpression in the in vitro study. This indicates 
that overexpression or activation of HIPK2 is a promising therapy in the cardiac stress or injury context. I 
hypothesize that overexpression of HIPK2 can rescue cardiac dysfunction in TAC or MI-induced heart 
failure. This hypothesis can be tested by using AAV9 carried HIPK2, an arising tool applied in the clinical 
trial, or HIPK2 transgenic mouse models. We expect that overexpression of HIPK2 will protect the heart 
from cardiac injury and remodeling. It will also be useful to screen and develop potentiators/activators of 
HIPK2 for the treatment purpose of HF. 
 
Identify the role of HIPK2 in cardiac fibroblasts and fibrosis 
We discovered that overexpression of HIPK2 can significantly decrease the TGFβ-Smad3 pathway 
suggesting an anti-fibrotic role of HIPK2 in cardiac fibroblasts. Our preliminary data indicated that there is 
no change of heart function of periostin-Cre KO mice at baseline. However, the heart function was 
significantly decreased in the HIPK2 KO mice at 4-week post-MI. This strongly indicated that deletion of 
HIPK2 specifically in cardiac fibroblasts leads to increased susceptibility to the MI injury. It would be 
interesting to further investigate how HIPK2 affects cardiac fibroblasts and fibrosis. For the mechanistic 
studies, besides studying the underlying signaling mechanism, it will be interesting to determine how 
HIPK2 regulates Smad3 phosphorylation.  
Since our preliminary data showed that deletion of HIPK2 only in cardiac fibroblasts was sufficient 
to drive a detrimental phenotype after MI, it would be of interest to see how cFB-specific deletion leads to 
a global cardiac phenotype. Specifically, whether this is directly caused by cFB mediated mechanism or 
the CM function is also affected. 
 
Clinical Perspectives and Cardiotoxicity 
HIPK2 is arising as a potential target in cancer and kidney treatment. However, based on our 
findings here, the systemic delivery of HIPK2 inhibitors may increase the risk of drug-induced 
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cardiotoxicity. 1) It is important to assess if these HIPK2 inhibitors affect the cardiac function 2) 
Considering the protective role of HIPK2 in the MEK1 inhibitor-induced cardiotoxicity, it will be of interest 
to study the underlying mechanism and if HIPK2 can protect the heart from another chemotherapy-induced 
cardiotoxicity.   
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